University of Kentucky

UKnowledge
Theses and Dissertations--Mechanical
Engineering

Mechanical Engineering

2019

Design Process for the Containment and Manipulation of Liquids
in Microgravity
Chris Meek
University of Kentucky, chris.meek@uky.edu
Author ORCID Identifier:

https://orcid.org/0000-0002-2617-2957

Digital Object Identifier: https://doi.org/10.13023/etd.2019.416

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Meek, Chris, "Design Process for the Containment and Manipulation of Liquids in Microgravity" (2019).
Theses and Dissertations--Mechanical Engineering. 143.
https://uknowledge.uky.edu/me_etds/143

This Master's Thesis is brought to you for free and open access by the Mechanical Engineering at UKnowledge. It
has been accepted for inclusion in Theses and Dissertations--Mechanical Engineering by an authorized
administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
Chris Meek, Student
Dr. Alexandre Martin, Major Professor
Dr. Alexandre Martin, Director of Graduate Studies

Design Process for the Containment and Manipulation of Liquids in Microgravity

THESIS
A thesis submitted in partial
fulfillment of the requirements for
the degree of Master of Science in
Mechanical Engineering in the
College of Engineering at the
University of Kentucky
By
Chris Meek
Lexington, Kentucky

Co-Directors: Dr. Alexandre Martin, Professor of Mechanical Engineering
and Dr. Suzanne Weaver Smith, Professor of Mechanical Engineering
Lexington, Kentucky 2019
Copyright c Chris Meek 2019

ABSTRACT OF THESIS

Design Process for the Containment and Manipulation of Liquids in Microgravity
In order to enhance accessibility to microgravity research, the design process for experiments on the ISS must be streamlined and accessible to all scientific disciplines,
not just aerospace engineers. Thus, a general design and analysis toolbox with accompanying best practices manual for microgravity liquid containment is proposed.
The work presented in this thesis improves the design process by introducing a modular liquid tank design which can be filled, drained, or act as a passive liquid-gas
separation device. It can also be pressurized, and used for aerosol spray. This tank
can be modified to meet the design requirements of various experimental setups and
liquids. Furthermore, rough simulations of this tank are presented and available to
the user for modification. The simulation and design methodology for other general
cases is discussed as well. After reading this thesis, the user should have a basic
understanding of how liquids behave in microgravity. She will be able to run simple
simulations, design, build, test, and fly a liquid management device which has been
modified to suit the requirements of her specific experiment.
The general tank design can be manufactured using 3-D printing, traditional CNC
milling, or a combination thereof. The design methodology and best practices presented here have been used to design tanks used in experiments on the International
Space Station for Budweiser and Lambda Vision. Both tanks functioned nominally
on orbit. While the specific data from these experiments cannot be presented due
to proprietary restrictions, using this thesis as a design guide for new experiments
should yield favorable results when applied to new tank designs. If the reader has
any questions or would like an updated design process, the author’s preferred contact
information can be found using the Orcid iD: 0000-0002-2617-2957 .
KEYWORDS: microgravity, capillary, liquid containment, surface tension, passive
liquid-gas separation, ISS tank design
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Chapter 1:

Introduction

The ISS has become one of the most successful laboratories in the history of mankind.
Nearly every field in the sciences has been impacted by its operation [1]. Work in
the fields of medical research [2], colloids [3, 4], and manufacturing [5] is being performed in microgravity environments. In order to successfully design and conduct
experiments on the ISS, particularly those which involve fluid flow, a fundamental
understanding of the behavior of fluids in microgravity is required. Liquids in microgravity exhibit different behavior than on Earth, rendering most terrestrial liquid
containment and manipulation systems inadequate. The inability to test experimental designs and iteratively improve them poses significant challenges to experiments
and machines in microgravity. In order to counteract the risk associated with designing an experiment which cannot be tested on the ground, a liquid container and
passive liquid-air separation device, with associated best practices is needed.
In this thesis, a design process for the simulation, design, fabrication, and testing of
scalable and modular liquid containment and passive liquid-gas separation devices for
use in microgravity is presented. Designing and fabricating a reliable liquid container
is non-trivial. Numerous research activities need to be able to contain and move
liquids in microgravity, and sometimes even separate them from gas [6, 7]. In order
to decrease the risk associated with designing a new mechanism to accomplish these
tasks, a modular design was created to address these issues. Using the “ice cream
cone” tank design presented here, research groups will no longer need to spend time
and resources learning how to create an effective liquid container or passive liquid-gas
separation device for their experiment. While the presented ice cream cone design
has not been used in an ISS experiment yet, the same design methodology was used
to create mechanisms used on two other successful International Space Station (ISS)
1

Figure 1.1: Budweiser barley malting experiment for the International Space Station (ISS).
Credit and design Space Tango, Lexington, KY

experiments, flown by Space Tango in cooperation with NASA [8]. These experiments
were for Anheuser-Busch on CRS-13 and CRS-14, and LambdaVision on CRS-16.
Using the present document, the reader will be able to simulate, design, fabricate,
and test all components required for designing a successful experiment on the ISS,
even without a background in engineering or physics.

1.1

What to expect on the ISS

On the ISS, the experimental environment is in some ways similar to Earth, and in
other ways, very different. For example, the air composition and pressure are the
same, but there is more radiation. The main difference is without a doubt the lack
of significant gravity. On the ISS, the gravity environment is only a few millionths of
what is experienced on Earth. The main source of deceleration on the ISS is caused
by aerodynamic drag. For all intents and purposes, setting the gravity term to 0 is a
safe approximation.

2

Without gravity, there is no body force to hold liquids at a fixed location in a
container, allowing them to migrate along surfaces or float around. This is a major
challenge for experiments requiring rigid containers since it is difficult to force liquid
into one location. Because of this difficulty, the common practice for liquid storage of
small volumes (1-100 ml) is to use a flexible plastic container, similar to an intravenous
bag, (see Fig. 1.1). In this case, very little analysis is required. Since there should not
be any air bubbles in the flexible container, only liquid should reach the outlet valve.
Because of this, the flow rate will be exactly what the pump is providing, and will
be pure liquid. If a flexible container cannot be used, a rigid liquid container may be
the best choice for liquid containment. A rigid container could be more suitable than
a flexible container if the liquids being handled could dissolve the flexible container,
if there is a risk of puncture from moving parts, or if there is concern that a flexible
container could shift into the field of view of an experiment’s camera.
In addition to the rigid storage tank, a passive liquid-gas separation device is
presented in Section 5.3. This device is useful in experiments which use a mixture
of liquid and gas. For example, a test article is wetted, then dried using air blown
through the article. The waste liquid in this scenario should be pumped into a
storage bag, but volume is limited on the ISS so the waste bag should be as compact
as possible. In order to not waste volume with waste gas, the liquid-air mixture can
be passed through the passive liquid-gas separation device in order to ensure only
liquid fills the waste container.
Table 1.1: ISS Environment
Parameter

Value

Quasi-Steady Acceleration
2
Temperature
65-80
Air Velocity
10-40
Humidity
60
Atmospheric Pressure
14.7 [1]

3

Units
µg
◦
F
ft/min
%RH
PSI [ATM]

Figure 1.2: Free-floating Budweiser malting experiment in the Harmony module of the ISS.
Credit-NASA.

When designing an experiment for the ISS, it is important that it fit in the smallest
possible volume. Low mass is not typically a requirement for small experiments
aboard the ISS. Space Tango has a convenient platform for conducting experiments
on the ISS. They offer 2U, 4U, and 6U sized experiment bays, called CubeLabs. The
U is 10×10×10 cm. The CubeLabs have power and data connections, and are plugged
into the larger TangoLab facilities. TangoLabs are semi-permanently mounted to the
ISS. Using Space Tango’s system, experiments can be remotely controlled, viewed,
and managed on the ISS from Lexington, KY. An example of a CubeLab is shown in
Fig: 1.2, where the floating object is a Barley malting experiment for Budweiser.

4

1.2

Chapter outline

In this thesis, Chapter 2 provides a review of experiments and devices using surface
tension and describes several mechanical features for controlling the behavior of liquids in microgravity. Chapter 3 describes how liquids are attracted to solids, and how
to calculate the shape and location of the liquid. Chapter 4 provides a rapid simulation and optimization tool. Chapter 5 provides a procedure for choosing the proper
container and geometry for different experiments, then how to design, fabricate, and
test experiments on the ground. Chapter 6 summarizes the work presented in this
thesis, and provides next steps for follow on work. The Appendices explain how to
simulate liquids in containers in microgravity, and example code is provided.

Copyright c Chris Meek, 2019.
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Chapter 2:

Literature Review

The resurgence of capillary flow research was largely prompted by the ability and
need to test in microgravity. A fundamental understanding of how liquids behave in
microgravity is essential to the success of most space missions. This understanding is
required for any sized liquid containers in microgravity, from microfluidics to liquid
hydrogen propellant tanks [9]. More recently, the use of liquids for research on the
ISS requires an understanding of how to reliably control various liquids for multiple
purposes. In the future, the fundamental understanding of capillary action will enable
reliable and efficient life support systems, as well as numerous other technologies for
long-term human spaceflight. The primary subtopics of low-g capillary flow are capillary surface equilibrium positions, liquid slosh dynamics, phase separation, passive
pumping, long distance liquid transport, and microfluidics.
The Young-Laplace-Gauss equation is derived from a very important observation. The capillary surface of a liquid in a vessel maintains constant curvature. This
phenomenon is taken advantage of to calculate the equilibrium capillary surface of
a container. The liquid equilibrium surface will attach to the solid surface at the
contact angle, maintaining constant curvature. Therefore, a wedge composed of different materials on each face will yield a non-symmetric equilibrium capillary surface,
but will keep a constant surface curvature. For simple geometries, this is a good
assumption, and produces an analytical solution.
While mathematicians and physicists consider the concept of surface tension well
understood, and calculation of capillary surfaces a solved problem, engineers have
yet to take full advantage of designs which use surface tension to transport liquids.
The passive nature of capillary flow is lucrative to design engineers, especially for
space systems in microgravity, where performance and reliability are a top priority.
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In microgravity, a carefully designed and constructed container will dispense liquid in
any orientation, and will maintain predictable shapes in its equilibrium positions. It is
even possible to passively pump liquid simultaneously in three orthogonal directions.
Fluid dynamicists did not need or have the capability to experimentally test the
long term behavior of liquids in microgravity until human spaceflight was achieved.
At this point, it became necessary to understand the behavior of liquids in space. In
Chapter 11 of “Dynamic behavior of liquids in moving containers with applications
to propellants in space vehicle fuel tanks”, 1966 [10], the basic principles of capillary
thermodynamics is provided. This is suggested for further reading in this subject.
Basic principles of slosh dynamics are explained very well in the updated 2000 version
[11]. Based on this fundamental understanding of liquid behavior in microgravity,
several novel devices have been implemented in space design. Traditionally, most
microgravity liquid containment vessels have either been fuel storage tanks or piping
systems. Both of these mechanisms rely primarily on capillary flow phenomena.
Fuel storage tanks often rely on rings, vanes, or baffles inside the container to
increase solid-liquid surface area inside containers. These are called Propellant Management Devices (PMDs). If the tank is not for propellant, they are called Liquid
Management Devices (LMDs). It is important that fuel storage tanks not contain
bubbles in unpredictable locations, and for the liquid to passively migrate toward the
pumping interface. Much analysis work has been performed on liquid flow around
vanes [12]. It is important to know the optimal size, shape, and number of vanes
inside the storage tank to ensure the liquid migrates to the outlet.
In addition to fuel storage tanks, methods of transporting liquid over relatively
long distances have also been investigated. The stability of liquid bridges and flow
over helical coils is well known [13]. Fuel storage tanks tend to be much larger than
the small volumes investigated, and complete draining is impossible. Fuel storage
tanks can generally only drain about 90% of their fill volume. The Ice Cream Cone
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Figure 2.1: Illustration of general ice cream cone geometry.

tank presented in this thesis should not be expected to have much better draining
efficiency. The Ice Cream Cone geometry as seen in Fig. 2.1 has been studied by
several researchers for various applications involving passive phase separation [14, 15]
since bubble free liquid is drawn to the tip of the ice cream cone.
The basics of capillary flow phenomenon and interior corner flow analysis must be
understood for the small volume vessel problem, but there is very little documentation
on how to design small volume liquid containment vessels for microgravity. Most of
the documentation is applied to simple geometries for a fundamental understanding
of the physics involved [14, 15, 16, 17, 18, 19]. While these solutions are critical to the
understanding of solid-liquid interactions in microgravity, no guide for how to design
or manufacture these devices is readily available.
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One suitable geometry which can easily be scaled down to a size for use in CubeLabs is an ice cream cone geometry, shown in Fig. 2.2. Much two dimensional analysis
has been performed for such geometry. That is, a wedge adjoined to a semicircle. In
3D, it is a cone adjoined to a hemisphere. This is a useful geometry for piping in
microgravity, and has been patented [20]. This geometry is also similar to the zero
gravity coffee cup designed by Mark Weislogel [21]. There are four possible equilibrium surface configurations for a 3D axisymmetric ice cream cone geometry with a
low fill fraction [15]. These are shown in Fig. 2.2, where the lines inside the Ice-Cream
Cone shape indicate the capillary surface of the liquid inside the container. Since the
liquid only wets the walls, rather than containing a small air bubble in the middle,
the fill fraction is low. The fill fraction is the volume of liquid divided by the internal
volume of the tank. Low fill volumes or fill fractions indicate a nearly empty tank.
Notice how the curvature is constant for each of the four cases.
If the geometry of a container is not represented by an analytical solution, the best
way to obtain a solution is to use the Surface Evolver [22]. The Surface Evolver is the
primary CFD tool researchers use to study surface tension. Although it only solves
the surface of the interface, it can find solutions with accuracy, between 0.004%-2.8%
difference between theory and simulated models. The Surface Evolver, written by Ken
Brakke, is shown to be a good approximation to actual experiments [23]. The Surface
Evolver [22] uses an energy minimization algorithm to obtain an equilibrium capillary
surface solution for any geometry. For the special case where multiple equilibrium
surfaces have the same surface energy, multiple solutions exist. In this situation, Surface Evolver cannot determine the physical representation of the equilibrium surface.
This is one limitation of using Surface Evolver.
The problem of having multiple capillary surface solutions for a single geometry
can be mitigated by modifying the surface of the interior of the tanks. In order
to satisfy the design intent of the ice cream cone, the best solution is to have a
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Figure 2.2: Four solutions (equilibrium positions) of the axisymmetric ice cream cone geometry.

hydrophilic cone section and a hydrophobic hemisphere section. The hydrophobic
hemisphere reduces the probability of the liquid finding an equilibrium position on
the hemisphere, as depicted in the bottom two figures in Fig. 2.2.
When designing life support systems, biology experiments, or organs on a chip,
surface tension provides access to novel liquid management systems. It also enables
exotic experiments as seen in Fig. 2.3. In Fig. 2.3, a passive liquid-air separation
device was designed into the test tube cap to allow air to be released from the test
tube as liquid fixative was pumped in. On earth, this cap would not be necessary,
since gravity would draw all the liquid to the bottom of the test tube.
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Figure 2.3: Anheuser-Busch barley growth experiment on ISS. Credit-NASA and Space
Tango.

2.1

Liquid management devices

Liquid Management Devices are any physical structure which employs surface tension to attract liquid into desired areas. Extensive research has been performed for
Propellant Management Devices (PMDs) [24, 12, 25, 9, 10], which in practice are the
same as LMDs. The following subsections describe a variety of LMDs currently used
in microgravity tanks and liquid management systems.

2.1.1

Sponges

When referring to liquid management devices, the term “sponge” might be ambiguous.
A sponge could either be a rigid structure or the more commonly known porous structure. In “Propellant Management Device Conceptual Design and Analysis: Sponges”
by Don E. Jaekle, Jr. [24], a sponge device is defined as an open structure which a)
holds and provides a specific quantity of propellant using surface tension forces and
b) is refillable. This is seen in Fig. 2.4. Such a sponge device is useful for containing
large volumes of liquid.
The other kind of sponge can also be used in a LMD for small volumes (≈< 100
ml). The porous sponge can even be used in an open container, but there is risk
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Figure 2.4: Rigid sponge device with liquid inside. The blue curve is the equilibrium capillary surface.

of some liquid being ejected from the sponge if necessary precautions are not taken.
A realistic, yet simplified approach to simulating a fully saturated porous sponge is
to model it as a perfectly wetting surface. As seen in Fig. 2.5, two flat plates are
being pulled apart while staying parallel to each other. The contact angle of the
top plate θ = 70◦ is similar to that of water on glass, and the contact angle of the
bottom plate is θ = 0◦ (perfectly wetting). This model is an approximate simulation
for a glass plate coming into contact with, then pulling away from, a fully saturated
sponge. For a fully saturated surface, the contact angle is θ = 0◦ . Each image in Fig.
2.5 is a separate simulation performed using Surface Evolver with an incrementally
increased distance between the two plates. The series of simulations was performed
automatically using the Python script in Section 6.3 It can be seen that the liquid
detached from the top plate in the bottom-right image. The setup for this simulation
was written by Ken Brakke, and downloaded from his webpage. [26].
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Figure 2.5: Simulation of plate separation with saturated sponge (θ = 0◦ ) on lower plate.

Sponges have unpredictable properties and are first tested on the ground. Porous
sponges can have vastly different properties when they are dry compared to when
they are pre-wetted. In Fig. 2.6 water was dropped on a dry sponge from a dropper.
The surface tension maintains constant curvature on the square sponge sample. The
diameter of the drop cannot grow larger than the length of the edge of the square,
save for the overhang of the droplet.
A dry sponge can be modeled as hydrophobic until the water breaks into the
porous surface. At that point, it becomes completely wetting, (θ = 0◦ ) since it is
fully saturated. Essentially, the water molecules residing inside the sponge grab the
new water droplets introduced to the surface of the sponge, resulting in a perfectly
wetting surface. In order to capture hydrophobic and hydrophilic interactions, the
user must run separate simulations. The simulation will either have a θ = 0◦ contact
angle, or θ > 90◦ , depending on whether the sponge is pre-wetted in the experiment.
The perfectly wetting and hydrophobic cases can be seen side by side in Fig. 2.6. The
wet sponge can be seen as a dark spot on the left sample, and the dry, nonwetting
sponge is on the right.

2.1.2

Vanes

Like other propellant management devices, vanes use strategic placement of solid
material to interact with liquids, in order to control the capillary surface of the liquid,
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Figure 2.6: A saturated or wet sponge (left sample) can become perfectly wetting(θ = 0◦ ).
A dry sponge (right sample) exhibits a hydrophobic interaction. (θ > 90◦ )

and its position in a tank. The material used must create the smallest contact angle,
θ  90◦ (more wetting) is best. For example, titanium is almost always a better
choice than teflon for vane design, since titanium has a very low contact angle for
most aqueous solutions. The purpose of a vane is to attract the liquid in order to
control its position. If the liquid slips off the vane surface, it renders the design useless
[12].

2.1.3

Screens

When using rigid containers on the ISS, one of the most likely failure modes is pressure
buildup inside the tank due to a covered vent. It is difficult to allow air to pass freely
over a membrane while retaining liquid inside. The most common way to achieve this
is through the use of a membrane with small holes. Since the pressure inside a droplet
increases as the diameter decreases, it follows that higher pressure is required to pass
liquid through a smaller hole. A simple test for finding the pressure required to pass
a liquid through a membrane is a variation of the bubble point test [25]. The physical
setup for the bubble point test is a membrane covering a pressurized chamber. The
high pressure side of the membrane is completely covered in liquid. The equation
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used to express the difference in pressure required to pass a bubble through a hole is:

∆P =

4σ cos θ
D

(2.1)

Where ∆ P is expressed in Dynes/cm2 (10 dyn/cm2 = 1 Pa), σ is surface tension
in dyn/cm. and θ is the contact angle of the liquid on the membrane, in degrees.
For reference, water is 72 dyn/cm. For extremely low air flow rates, a material such
as GoreTex may be considered for a liquid-air separation membrane. GoreTex is
commonly found in rain jackets as a breathable, yet waterproof material.
When designing a passive liquid-gas separation membrane, it is generally best for
the membrane to have small holes and to be hydrophobic. The opening size should
be as small as possible while allowing the gas to be expelled at a sufficient rate. The
flow rate of gas through the screen should be at least equivalent to the inward flow
rate of liquid. It is recommended that liquid flow rates should be as low as possible,
in order to keep pressure inside the tank low. Also, the entrance velocity of the liquid
should be relatively high in order to create a jet with a broken stream, preventing
liquid buildup at the nozzle exit. This can be achieved by using a smaller diameter
syringe. The membrane should be as hydrophobic as possible, so liquids do not tend
to cover the open area. This can be achieved with a hydrophobic coating if wear
and contamination is not an issue. A good hydrophobic coating to consider for the
membrane or steel cloth screen is NyeBar Type P 2% concentration. If pressure does
build up inside the tank, and a droplet of liquid is on the membrane, the liquid will
likely pass through the membrane to the outside. Because of this risk, even a rigid
tank with a membrane vent must be sealed inside two more layers if flown on the ISS.

2.2

Liquid bridges

When there is a possibility for liquid to become entrapped between two nearby surfaces, a liquid bridge will likely form either intentionally or not. A liquid bridge is
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relatively stable, but can be broken by some disturbances such as crew exercise, pushoff, or orbit correction burns. Very simple stability analysis can be performed using
Surface Evolver, but this should not be entirely trusted if mission success depends on
stability of the liquid bridge.

2.3

Liquids in tubing

It is possible to separate liquids in small diameter tubing, as seen in Fig. 2.7. If
multiple miscible liquids are to be separated by air, the ends of the tubing must be
completely closed. If one or both ends are open, any vibration or jerk could impart
enough motion of the liquids inside the tube to cause them to touch. If they touch,
they will instantly mix together. It is best practice to use the smallest diameter tubing
possible, and the most hydrophobic interaction the design requirements allow. That
is, the liquid should slip through the tubing without leaving any residue on the walls,
in order to prevent cross-contamination between liquids. An added benefit of using
tubing of small diameter is that ground testing will be reasonably representative of
what to expect on the ISS.

2.4

Liquid storage containers

Liquids can be stored in either an open or closed container in microgravity. An open
container should be avoided at all costs, since it is difficult to design stable open
containers. Closed containers can either be rigid or flexible. Flexible containers are
easier to design into an experiment since they can be purchased and behave the same
on Earth and on orbit. It is common practice to use a rigid container for propellant
storage, and there are some situations where a rigid storage container is preferred for
ISS experiments as well.
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Figure 2.7: Multiple colored water droplets separated by air. Credit-Chris Meek.

2.4.1

Open containers

Open containers should be avoided if possible, since the risk of liquid contaminating
other parts of the experiment inside the enclosure is high. The only circumstance an
open container could even be considered is if the container is filled on orbit. Even if
the container is filled on orbit, the liquid is likely to migrate away or be ejected from
the container. Any disturbance of the container, such as crew exercise or accidental
bumping of the experiment station, could expel some liquid out of the container.
However, when properly and thoroughly designed, open containers can be exceptional
tools. An example of this is the “space cup” designed by Andrew Paul Wollman and
Mark Weislogel, shown in Fig. 2.8 [21].
If the capillary surface of the open container must be flat, the interior angle of
the internal rim of the container must match the contact angle of the liquid on the
container material. It is always preferable that the interior of the container is a
wetting surface and hydrophobic on the outside.
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Figure 2.8: Italian astronaut Samantha Cristoforetti, sporting a DS9 costume, drinking
ISSpresso from Space Cup in the Cupola module of the International Space Station during
expedition 43. Credit-NASA[21].

2.4.2

Flexible containers

Flexible containers are the easiest and more reliable solution for typical experiments
involving bubble free, non-corrosive liquids. If requirements allow the use of a flexible
storage bag, this is preferred. Some storage bags available to purchase are medical
or intravaneous bags. The most convenient flexible bags have screw-on fittings for
attaching tubing and inline pumps. A popular style of screw-on connector is a Luer
fitting. Luer connecters were used in the containers fabricated for this work.
The downside of using flexible containers is that they cannot separate gas from
liquid. If the experiment requires a mixture of gas and liquid, a flexible storage
method is not recommended. Typically, experiments which fly on the ISS have very
strict volume constraints. In most cases, inflating a bag of air inside the experiment
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is very wasteful. Many medical grade flexible containers available for purchase online
are intravaneous bags, which are often pre-filled with a saline solution. If the ISS
experiment has sterility requirements, pre-filled bags should be avoided.

Copyright c Chris Meek, 2019.
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Chapter 3:

Physics and Properties

One purpose of this thesis is to provide a design methodology and process to researchers in various fields, who do not necessarily have a background in physics or
engineering. While the steps toward analysis and design of various liquids in microgravity experiments are straightforward, it is essential to have a fundamental understanding of how liquids behave in microgravity. In microgravity, the dominant force
is capillary action, which is the movement of liquid due to surface tension. With
the knowledge of how liquids interact with surfaces, the shape and orientation of
raindrops on a blade of grass as shown in Fig. 3.1 can be predicted.

Figure 3.1: Advancing and receding contact angle of rain drops on a blade of grass. CreditSteven Adkins.
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3.1

Understanding capillary forces

Surface tension and body forces determine the shape of water, the movement of
liquid through porous media, capillary rise, and many other small scale phenomena
on Earth. Without surface tension, gravity would flatten droplets on any surface,
resulting in a 0◦ contact angle. In reality, this is not the case, since most drops of
liquids on solids on Earth are some variation of a hemisphere. Thus, other forces are
at work within liquids. These forces are cohesion and adhesion. Body forces such as
gravity, and surface forces such as pressure, will also play a part in the overall shape
of liquid droplets, especially in larger droplets.
Surface tension is the resultant of all these internal and body forces acting on the
liquid, and along the equilibrium capillary surface. For example, if the gravity vector
is pointed downward, orthogonal to the solid surface, the drop will appear flatter than
it would in microgravity. If the cohesion of the liquid dominates the adhesion of the
liquid to the surface, the contact angle will be high (non-wetting). If the adhesion is
the dominant force, the contact angle will be low (wetting). The surface tension is
the result of unbalanced cohesive forces at the surface.
The first equation to describe all these forces is the Young-Laplace equation, which
is actually similar to modern analytical solutions. The contact angle also depends on
movement of the liquid or solid in question. Due to contact angle hysteresis and dynamic wetting properties, an accurate measurement of contact angle of liquids is only
achievable using laboratory equipment and standardized techniques. As seen in Fig.
3.2, a droplet of silicone oil resting on a hydrophobic plate is being measured using a
goniometer. A goniometer is a laboratory machine commonly used for measuring the
contact angle of sessile drops on a flat surface. For the purpose of this work and the
low level of precision required for design, estimates based on pictures of sessile drops
resting on the intended surface is sufficient.
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Figure 3.2: Image analysis for contact angle measurement using a photo taken on a goniometer. Credit-Chris Meek.

3.2

Surface tension and surface energy

It is important to understand how liquid forms its shape. If water is allowed to freely
float in microgravity, it will form a sphere. This is due to its own intermolecular forces,
or cohesion between its molecules, as shown in Fig. 3.3. The imbalance of cohesive
forces at the surface creates surface tension. Because surface tension is uniform, the
state of equilibrium forms a spherical shape. A sphere has the smallest surface area
per unit volume of any shape [27]. Surface tension is defined as the force per unit
length. σ= 1 mN/m = 1 dyne/cm. It is important to note that for a liquid, surface
energy density and surface tension have the same units. Surface energy density is
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Figure 3.3: Illustration of cohesive forces and surface tension in a liquid [27].

defined as γ =

J
.
m2

For example, water in air at 20◦ C has the following values:[10]
γ = 0.07275

3.3

J
N
dynes
= 0.07275 = 72.75
=σ
2
m
m
cm

(3.1)

Contact angle

In addition to cohesive forces in a liquid, adhesive forces can also greatly affect the
equilibrium shape of a liquid drop. Liquids are attracted to solid interfaces, with the
attraction to some solids greater than others. A measurable parameter for quantification of this phenomenon is the contact angle θ between the solid and liquid. The
type of liquid, solid, and gas all affect the shape of the liquid. For instance, one
can see that the interaction between solid and liquid is much stronger than that between liquid and air. It is uncommon for gas bubbles to exist within liquid droplets.
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Figure 3.4: Orientation of contact angle between phase interfaces.

Therefore, the effect from the composition of air is commonly ignored. This is a fair
assumption since all measurements are performed in air at atmospheric pressure and
laboratory ambient conditions, even on the ISS. The contact angle θ, is expressed in
degrees, and is illustrated in Fig. 3.4.
The interaction between liquid and a smooth, flat solid is described loosely as
wetting or non-wetting. A wetting liquid (θ < 90◦ ) spreads across a surface because
the adhesive forces between the liquid and solid are greater than cohesive forces within
the liquid. An example of a wetting liquid-surface interaction is a drop of water on
concrete. Wetting interactions are more stable than non-wetting interactions. The
contact angle between water and a hydrophilic surface is very low, or wetting. The
contact angle between water and a hydrophobic surface is very high, meaning non-
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Figure 3.5: Contact angle measurement convention for liquids and gases.

wetting. An example of a non-wetting liquid-surface interaction is a drop of water on
Teflon. The ideal representation of a sessile drop on a smooth surface can be given by
Young’s equation γlv cosθY = γsv − γsl , where the subscripts represent their respective
interfacial tensions and θY is the contact angle. The convention remains the same,
even when the gas interface is liquid vapor, as seen in Fig. 3.5. A sessile drop is a
droplet of liquid carefully and gently dropped on a still, flat surface. It is common
to create a sessile drop by using a syringe to create a drop and let it detach from the
needle under its own weight onto the flat surface.
A non-wetting object can also support weight by surface tension alone, floating
on a surface without buoyancy. An example of this is the Pygmy Gecko from Brazil.
Its skin is non-wetting, which allows it to rest on water without sinking, giving it the
nickname, “the unsinkable lizard” [28].

3.4

Capillary action

Capillary action is the flow induced by surface tension. It is caused by adhesion to the
surface, cohesion of the liquid, and surface tension. Capillary action can be observed
in several examples such as flow up a capillary tube, liquid bridges between parallel
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Figure 3.6: A comparison of three demonstrations of capillary rise of tinted water shown in
a wedge formed by microscope slides, a capillary tube, and between a flat microscope pressed
against a convex surface. Credit-Chris Meek.

plates, flow up a wedge, the space coffee cup [21], liquid creep around edges, and
microchip tombstoning. Three of these examples are shown in Fig. 3.6. That is, a
capillary tube and demonstrations of capillary rise in a wedge formed by microscope
slides and between a flat microscope pressed against a convex surface. Theoretically,
the distance between the two vertical surfaces and the diameter of the tube will be
the same at the top of the liquid in the tube, since all surfaces are glass.
The equation used to describe the height which a liquid will rise in a capillary
tube is

h=

2γ cos θ
,
ρgr

(3.2)

where h is the capillary rise of the liquid, γ is the surface tension, θ is the contact
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Figure 3.7: Diagram of parameters used in analysis of a capillary tube.

angle, ρ is the density of the liquid, g is gravitational acceleration, and r is the radius
of the tube. These parameters are illustrated in Fig. 3.7. If the contact angle is
θ > 90◦ , the liquid will actually fall in the tube, since both gravity and surface
tension are pulling the liquid downward.
The pressure created by capillary action can be expressed as
p2 − p1 = ρgh.

(3.3)

If the liquid wets the tube completely around the meniscus,
p∞ − p1 = 2γ/r

(3.4)

Equations 3.3 and 3.4 can be combined. Assuming p2 ≈ p∞ , the result is a nondimensional ratio
h
γ
≈2
r
ρgr2

(3.5)

On Earth, capillary flows are often neglected in analyses. Under Earth’s gravitational field, a capillary rise of a few millimeters is common. However, the same
scenario in microgravity can lead to an order of magnitude increase in the capillary
rise [29]. Depending on the liquid and its interfaces, capillary action becomes the
dominant force when gravity is removed from the equation.
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The design for a coffee cup for use in space was analyzed extensively in Refs
[21, 14]. Capillary action draws the liquid up the wedge to the open face of the
container, allowing the astronaut to drink from it. One of these cups is a wedge,
so interior flow analysis of liquid in a wedge is appropriate for a very rough approximation. Furthermore, liquids are most attracted to the shortest distance between
solid interfaces. The microgravity coffee cup designed by Andrew Wollman is a complex non-axisymmetric shape. It can brew coffee, using a syringe to pump water
over the coffee grounds into the coffee cup [21] (This is discussed further in Section
2.4.1). A non-axisymmetric container gives rise to pressure gradient, which manifests
itself as a curved surface. The capillary pressure across the interface is given by the
Young-Laplace equation, given by

∆p = γ

1
1
+
R1 R2


(3.6)

where ∆p is the interfacial Laplace pressure, R1 , R2 are the principal radii, and surface
tension is γ.

3.5

Interior corner attraction

The fact that liquids are more attracted to corners than flat surfaces is important in
microgravity. The smaller the interior angle, the more the liquid will be attracted to
it [30]. For a liquid between two planes which intersect at a half angle α, a pressure
distribution is introduced. The pressure is highest at the point corresponding to the
minimum height of the meniscus, or in the middle. Therefore, liquid will tend to
collect more between smaller angles between plates. Just as liquid will rise higher
in a tube with smaller radius, liquid is more strongly attracted to tighter interior
corners. However, R is the same for each corner, independent of the contact angle of
each wall, θ [30].
The principle of interior corner flow and attraction to interior corners describes
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how the space coffee cup shown in Fig. 2.8 brings all the coffee to the mouth of
the cup. Notice that it is possible to stably contain liquids in an open container
using this principle. The effect of rounded interior corners has also been studied [31].
As long as the radius at the corner is sufficiently small, the shape of the meniscus
remains largely unchanged. The underlying equations which describe the collection of
liquids in corners and angles are similar for more complex geometries as well [19, 16].
These equations have been verified experimentally in the series of experiments on
the ISS called the Capillary Flow Experiments [32]. The use of vanes and baffles
inside containers also follow these principles. Liquid movement around vanes can
be modeled or determined experimentally [33, 12]. The tendency of liquids to be
attracted to vanes is similar to the interior corner flow problem, although most vanes
are oriented perpendicular to the outer surface.

3.6

Equilibrium configuration of liquids and gas bubbles

In a rigid tank on the ISS, at least two fluids will exist. There will always be a liquid
and a gas during draining. Typically, the liquid is required to be pumped into the
experiment chamber. Since it is important that air bubbles not pass through the
valve, the gas bubble location must be determined for various fill volumes. For the
purpose of this thesis, a fill ratio of 1 is entirely liquid, and a fill ratio of 0 is empty.
The driving factors of bubble location in an ice cream cone geometry are γ and cone
half angle α. When the container shape is exotic or contains a sharp intersection
between features, liquid and gas locations can be difficult to find. This is especially
true for partially filled containers [18]. However, analysis of simple shapes can reflect
experiments. For well studied and stable shapes such as a cone, the bubble location
is more predictable. For very low flow rates, swirling and other effects of draining can
be neglected.
The location of gas bubbles has been of interest since the start of the space program.
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Figure 3.8: Bubble equilibrium configurations in alcohol during a drop test for fill volumes
of 10%, 50%, and 90% full (from [34], with permission.)

Fig. 3.8 shows the bubble location of various contact angles and fill ratios [34]. This
experiment was performed in the 100 ft. drop tower at NASA Lewis Research Center
(now Glenn Research Center). A drop tower provides a microgravity environment
for only a few seconds, but provides a realistic representation of bubble location in
a partially filled tank. This conic vessel is in principle similar to the ice cream cone
geometry. Since the contact angle of the alcohol used in the experiment is 0◦ , the
liquid tends to wet the walls and corners. The most significant amount of liquid is
near the tip of the cone. Based on computed solutions, this is consistent for the entire
range of fill ratios for a cone. Because of the great difference between the density of
the liquid and air, the capillary forces on the liquid dominate the position of the gas
bubble.
It is also important to notice that the bubble is one mass rather than several
individual bubbles. Since the equilibrium state is a state of minimum potential energy,
individual bubbles of liquid or gas will tend to merge into one bubble in microgravity.
This is expressed by P E = σAc where Ac is the capillary area and P E is the potential
energy of the system. The capillary area, or area in contact with other phases, is
minimized by a single sphere [10].

Copyright c Chris Meek, 2019.
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Chapter 4:

Simulation and Computational

Framework

4.1

Introduction to Surface Evolver and SE-FIT

The calculation of liquid equilibrium capillary surfaces can be determined within
complex 3-D solids. Several computational tools are used for this type of research.
The most popular program for this is called Surface Evolver [22]. Surface Evolver
uses the conjugate gradient descent method to minimize surface energy of the solidliquid-gas interface, subject to various constraints and physics. Surface Evolver was
used to simulate the Capillary Flow Experiments (CFE) within 5% accuracy [32].
Geometry creation for Surface Evolver is time consuming for complex geometries,
especially if they are non-axisymmetric. A useful GUI for using Surface Evolver is
SE-FIT [35]. SE-FIT was developed by researchers at Portland State University, and
contains several configurable test cases. Although Surface Evolver is more versatile,
it can be daunting to users not used to a command line interface.
Due to its computational efficiency and agreement with actual experiments, Surface Evolver is used by the vast majority of the liquids-in-microgravity research community. The computation of minimal energy surfaces yields very accurate results. The
fact that only the surface, rather than the volume of the liquid is computed means
that most laptops have the computational power to obtain high fidelity results. Additionally, scripts can be used to run hundreds of simulations in a matter of minutes.
Detailed instructions on how to use Surface Evolver are provided in Appendix 1, page
62.
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Figure 4.1: Illustration of how provided script controls Surface Evolver.

4.2

Simulating multiple cases automatically

The Surface Evolver [22] and SE-FIT [35] were used to simulate the ice cream cone
rigid tank geometry. More specifically, the Spherical Tank Plugin was used to create
the geometry in SE-FIT. This file was exported and modified to be able to run
in Surface Evolver, and was controlled by a script. The script allowed for several
parameters to be changed to cover a wide range of simulations. Several simulations
were run to determine a range of functional tank geometries and contact angles over
various fill volumes. Step by step instructions on how to use Surface Evolver, SE-FIT,
and the Python script are included in Appendix 1, page 57 and Appendix 2 page 77.
The script provided in Appendix 2 page 77 controls Surface Evolver automatically
by managing input parameters and output files. The script first sets up the simulation and provides all the initial conditions. Then, a list of commands are executed
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to run the simulation. These commands increase the number of triangles minimized
in the simulation, iterate to minimize total energy, provide output files, or any other
command or operation which is available in Surface Evolver. The script can also
change certain parameters in the initial condition, such as contact angle or the geometry. The parametric sweep tool in SE-FIT performs a very similar task, but does
not allow the same level of control over the evolution process and inputs/outputs.
An illustration of how the script sets up the simulations and controls Surface Evolver
is shown in Fig. 4.1. Step by step instructions on how to use the provided script
is outlined in Appendix 1 page 72, and the full example code is available by request
from the author.

4.3

Ice cream cone geometry based on experimental and computational
methods

It is good engineering practice to create a realistic simulation of an experiment before actually flying it on the ISS. Realistic simulations help the researcher anticipate
problems during the design process, so they can be addressed before flight.

4.3.1

Cone angle range

The first step to designing a rigid storage tank is finding a suitable cone angle specific
to the experiment. While a cone half angle of 26.6◦ , or a hemisphere diameter of 1
inch with a cone length of 1 inch is suitable for most aqueous solutions, simulations
should be performed for each experiment. The longer the cone, or smaller the cone
angle, the more stable the liquid will be. The cost of higher stability is less storage
volume for the overall size of the tank. It is necessary to simulate various cone angles
over a range of fill volumes in order to choose an optimal tank geometry. In Fig. 4.2,
three tanks with various cone angles are shown. In general, it is best to follow the
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Figure 4.2: Ice cream cone with cone ratios of φ =0.8 (β = 39◦ ), φ =0.5 (β = 27◦ ), and
φ =0.25 (β = 14◦ ). The visible spherical bubble is gas.

following rule of thumb when choosing a tank cone angle:

θ + β ≤ 120◦

(4.1)

where θ is the contact angle and β is the cone half angle as shown in Fig. 4.3. By
following this phenomenological rule of thumb, the liquid will remain stably attracted
to the tip of the cone. Step by step instructions on how to simulate varying cone angles
is outlined in Appendix 1 page 66, and the full example code is available by request
from the author.
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Figure 4.3: Illustration of contact angle θ and cone half angle β.

The cone half angle beta is given by β = tan−1 (φ) where φ = r/l. The radius of
the hemisphere is r and the length of the cone is l. In Fig. 4.3, φ = 1/2.

4.3.2

Drain

Starting with the cone angle simulation, the file can be modified to solve a series of
fill volumes for the specified tank. Since in reality, some liquid will be stuck to the
tank walls, complete draining is not expected. A 5-10% margin should be used based
on the adhesion to the tank wall. It is important to note that the contact angle used
in these simulations is 0◦ , so is atypical. The angle of the liquid on the wall should be
somewhere between 30◦ − 90◦ , which would make the liquid appear to be flat, or even
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protruding upward rather than creating a U shape. This trend can also be seen in
Fig. 4.4. A simulation of an ice cream cone tank draining is shown in Fig. 4.5, where
the visible bubble is gas and liquid is always drawn to the tip of the cone. Step by
step instructions on how to simulate draining/filling is outlined in Appendix 1, page
65, and the full example code is available by request from the author.

Figure 4.4: Illustrations of 20◦ (left) and 45◦ (right) contact angle liquids in the same
container geometry.
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Figure 4.5: Ice cream cone tank draining in microgravity. Fill volumes L-R are 90% full,
50% full, and 10% full.

4.4

Checking stability and equilibrium position of simulations

In order to perform a reasonable simulation, the input parameters must be realistic.
The most important parameter in steady state microgravity simulations is the contact
angle of the liquid on the surface of the tank. The contact angle and tank cone angle
influence the stability of the tank. The stability of a liquid in a container can be
analyzed using Surface Evolver by using the eigenprobe command [36]. Although
capillary stability is a complex research topic, simplified models are used in the present
work [17, 13, 10]. Liquid sloshing can become a problem for spacecraft which have high
liquid to spacecraft mass ratios. In this case, liquid sloshing of propellant tanks can
have a severe impact on the attitude and behavior of the spacecraft. For small volume
containment, the same physics applies but oscillations are generally less severe due to
the lower mass of the systems. If a heavy mass of liquid is contained in a relatively
large container without baffles, any impulse could induce an oscillation in the liquid
which could take time to settle. Because of this, small liquid volumes are usually
used. For the ice cream cone design presented here, the liquid is most stable between
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around 10-50% full. The liquid interface should be minimized on the spherical section,
while maintaining good contact at the tip of the cone. A low fill fraction could allow
gas bubble to reach the tip of the cone, near the valve. A high fill fraction could
result in overfilling of the ice cream cone and force liquid through the hemisphere
vent. Detailed instructions on how to measure and implement contact angle is in
Appendix 1 page 70, and how to check stability of the tank is in Appendix 1 page 71.

Copyright c Chris Meek, 2019.
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Chapter 5:

Ice Cream Cone Design, Fabrication,

and Testing

The main contribution of this thesis is a scalable and modular rigid storage tank
and passive liquid separation device. While these two designs have the same internal
geometry, they are used for different tasks. The storage tank, described in Section
5.2, is used for storing liquid, and dispensing it through a valve at the tip of the
cone. The second tank, described in Section 5.3 can be used for passive liquid-air
separation.

5.1

General design considerations for optimizing performance

Both the storage and passive liquid-gas separation tanks are subjected to the same
forces and constraints. As such, the same design considerations and general best
practices can be used for both designs. The primary objectives of the ice cream cone
tanks are to passively deliver liquid to the tip of the cone regardless of fill volume,
contain water within the tank, and to keep gas bubbles away from the outlet. These
performance objectives can be manipulated by the material used for the tank, as well
as the tank geometry. In general, a hydrophilic cone section and hydrophobic hemisphere section should be used in conjunction with the smallest cone angle possible.
Furthermore, intensive ground testing should be completed before integration with
the rest of the experiment. A detailed description outlining how to design and fabricate the storage tank and passive liquid-gas separation device is provided in Appendix
4 page 88.
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5.2

Rigid storage tank

The Luer type connection on the hemisphere can be used to attach tubing and/or
a one way valve. When there is no risk of the liquid obstructing the opening in the
conical section, a pump is placed on either side of the tank (for storage tank only). A
pump placed on the cone section of the tank produces a vacuum or negative pressure,
and a pump placed on the hemisphere section would provide positive pressure, forcing
the liquid out. If there is a blockage though, this would build up pressure equal to
the maximum pressure of the pump, which could rupture the tank. A male or female
Luer type connection with thread type 1/4-28 UNF can be used in either location,
depending on what is required for specific tubing connections. Teflon tape can be
used to help make this connection watertight. For this storage tank design, a one
way valve must be placed on the hemisphere section. A one way valve or check valve
is dependent on the experiment and pump used, but a simple one can be found on
amazon.com. This check valve would connect to the hemisphere Luer connection in
Fig. 5.1 to the female connection. The pump used should provide pressure higher
than the crack pressure of the check valve. This is typically a very easy requirement
to meet. For the recommended check valve listed in Table 5.1, the crack pressure is
< 0.174 psi.
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Figure 5.1: General ice cream cone design for liquid storage.

5.3

Rigid liquid-gas separation tank

Contact the author for a current version of the assembly guidelines. The fabrication
process is constantly improving and being simplified. It can even vary based on the
experiment and the liquids being used in the experiment. The filling/separation tank
design shown in Fig. 5.2 can be filled with a liquid to about 50% full or be used as
a passive liquid-gas separation device. Capillary action draws the liquid to the tip
of the cone, where the valve is connected. The passive liquid/gas separation device
operates best at 20-30% full. The fill volume should be controlled by pumping out
liquid at a rate which is expected to be pumped in. The most volume efficient method
for storing used liquids if air is mixed in is to use the passive liquid-gas separation
tank, with a flexible waste bag attached to the outlet. This way, the flexible bag is
filled with liquid only, without wasting volume on gas. The liquid-gas separation tank
should not be used to store liquid during transport back to Earth. It is likely that
under acceleration, liquid will leak out of the container into the rest of the experiment.
The functionality of the liquid-gas separation tank is shown in Fig. 5.3
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Figure 5.2: Passive liquid-gas separation ice cream cone design.

Figure 5.3: Passive liquid-gas separation functional schematic.

42

5.4

Choosing an appropriate liquid management device

It is not intuitive to an inexperienced engineer how to design liquid management
systems in microgravity. In order to create a useful design, it is best to set some basic
requirements before starting. These requirements should be modified and checked
throughout the design cycle, then verified before flight. Some example requirements
for an experiment on the ISS are:
1. The containers must not leak at any point of the mission. This includes travel
to and from the ISS. The maximum expected acceleration during flight is 8 g
for several seconds [37].
2. While in microgravity, passive phase separation must occur in order to supply
liquid only to the peristaltic pump.
3. In order to mitigate pressure buildup, tanks must be able to vent air without
leaking water. Without venting, negative and positive pressure would exist in
the supply and waste tanks, respectively. About 3 psi can force liquid through
the 325X325 stainless steel cloth.
5.4.1

Problem formulation

The first step in concept development is understanding the problem. Most experiments involving liquids on Earth rely on gravity at some point. If the experiment
relies on buoyancy, liquid separation, or gravity induced flow at any point, this will
need to be addressed. Remember that in microgravity there is no buoyancy, so the
density of liquids does not matter. If an Earth-based experiment relies on passive
separation of liquid due to buoyancy, the experiment will need to be redesigned for
use on the ISS. If an Earth-based experiment requires that liquid remains at the
bottom of a container so a vent is unwetted, extensive modifications must be made.
A solution to this problem is in Section 2.1.3. A flow normally induced by gravity
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will need to be induced by pumps or capillary action on the ISS. The main thing to
determine when using a pump in microgravity is that the inlet of the pump is always
wetted. If the liquid is not stable at the inlet of the pump, it could slosh in such a
way that an air bubble can enter the pump. Normally, air bubbles are a problem for
pumps unless the pump is of the peristaltic variety. It is recommended to keep the
passive liquid-air separation tank below 30% full for stability, but the fill ratio should
be regulated precisely in order to prevent over-pumping.
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Figure 5.4: Use this flow chart to decide which type of input container is appropriate.
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Figure 5.5: Use this flow chart to decide which type of waste container is appropriate.

5.5

General fabrication and assembly best practices for ISS flight hardware

Whether the researcher fabricates the liquid management system herself or orders it
from an online 3D printing or manufacturing company, she will likely still assemble
the experiment. When selecting materials for use on the ISS, it is often beneficial to
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choose superior materials even if they are more expensive. For example, 304 stainless
steel will tend to rust if exposed to a corrosive environment. However, 316 stainless
steel has better corrosion resistance. The best variety of stainless steel the author has
found is called Carpenter 20 or Ultra-Corrosion-Resistant Alloy 20 Stainless Steel,
but it is slightly more difficult to machine. If cutting carpenter 20 steel on a lathe,
sufficient lubricant such as Tap Magic must be used. When performing machining for
clean experiments on the ISS, try to perform dry machining. If this is not possible, use
soap, alcohol, or some other evaporative variety of cleaner to make sure the surface
is free of any chemical residue.
In addition to dry cutting processes, use powder free nitrile gloves during assembly
of the experiment. Although the powder itself is very fine, when introduced to a liquid
it could clump enough to block small diameter tubing. When selecting materials
to be used on the ISS, a general rule of thumb is to keep all the National Fire
Protection Association Hazard Identification System (NFPA Diamond) categories as
low as possible. Generally, the blue diamond for health hazard should be 2 or less,
the yellow diamond for reactivity should be 1 or less, and the red diamond for fire
hazard should be 1 or less.

5.6

Ice cream storage tank and passive liquid-gas separation tank design
and fabrication

Two general, modular tanks are available by request. The first is used for storage
only and the second can be used for either filling or passive liquid-gas separation.
Both of these tanks can be manufactured using additive manufacturing. The highest
resolution the printer can produce should always be selected in order to ensure the
most watertight final product. A secondary sealing process is required. No 3D printed
plastic has been observed by the author to be watertight. The author used a Stratysys
360mc to print ABS-M30 with a T12 tip. While water still leaked through the material
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under pressure, a sealant on the inside and outside of the container would produce
better results. A 3D printed aluminum tank would produce best results.
The only watertight 3D printed design was achieved with a single SLA part, as seen
in Fig. 5.6. This waterproof drain tank was created as a single part with pockets
for threaded brass inserts in the top and bottom of the tank. The outside of the
threaded brass inserts were covered with SLA resin before curing, creating a perfectly
watertight fit. Teflon tape was used on the Luer connection threads to prevent any
leaks in the connections. This is the only complete design which was tested by the
author, and is flight ready.

Figure 5.6: Single Solid SLA printed part.

The best practice for ensuring the liquid is attracted toward the valve is to have a
hydroscopic cone section, and a hydrophobic sphere section. Liquid should always be
present at the tip of the cone, where the valve is. Also, it should always be repelled
from the hemisphere section, so as to not block the air escaping during filling. A
superfine mesh should always be used behind the hemisphere, in order to allow gas
to pass through, while retaining the liquid. When deciding what material to make
the cone section, keep in mind that titanium is hydrophilic for many liquids. This is
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Table 5.1: Required Materials for General Tank Manufacture
Name

PN or ASIN

Vendor

Check Valve
B003NVAG8O
amazon
Silicone RTV
B000KE4PBQ
amazon
Dispensing Syringes
B01MQ0IIQK
amazon
18G Dispensing Needle B01I1BE4AG
amazon
23G Dispensing Needle B01I1CQ0MA
amazon
Desiccant
B07KYH1N8N
amazon
Teflon Tape
6802K81
McMaster
1/4-28 Tap
26955A88
McMaster
Brass Threaded Insert
93365A250
McMaster
Male Luer Fitting
51525K221
McMaster
Female Luer Fitting
51525K223
McMaster
Luer Cap
51525K315
McMaster
SS Wire Cloth
9319T188
McMaster

preferable for most cases. If budget allows, this might be a good option.
The .stl files provided are sufficient for having the parts submitted to be printed
professionally and shipped to the researcher. The materials which are claimed to
be waterproof but not tested by the author are available from a site like Shapeways
or Xometry. These materials are called professional plastic, fine detail plastic, and
aluminum. If financial budget allows, aluminum would be the safest bet, based on the
author’s experience. The cone section may be CNC machined for a relatively low cost
from a company like Maketime, but the hemisphere would likely be cost-prohibitive
for CNC machining, and can be 3D printed. For highly corrosive liquids to be used
in the experiment, metals like aluminum or titanium may be the best option. Be sure
the corrosive liquid is compliant with the RTV seal.
While SLA is watertight and hydrophilic, it is very brittle. SLA parts must
be tapped after printing, but before curing. If the parts cannot be tapped before
curing, they should be modified to use only slip-fit connections rather than threaded
connections. The components to be used for these tanks can be purchased from
amazon.com and mcmaster.com, and are listed in Table 5.1.
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Assembly is fairly simple for both designs, but should be tested for leaks during
ground testing. When testing on the ground, they should be oriented tip down to
place the liquid in roughly the same orientation it will be in on the ISS. In order to
seal the cone to the hemisphere, an even bead of RTV must be placed around the rim,
then combined and cured in a humid area for a day. In order to test the bond, the
tank should be filled with water and checked for leaks over a period of time. When
inserting the threaded components, screw in the threaded Luer component partially,
then cover the exposed threads with RTV to ensure a waterproof seal. Keep in mind
that while providing a more watertight fit, the bonds sealed with RTV are permanent.
Again, these seals must be tested on the ground before flying on the ISS to be sure
assembly was completed properly. It is recommended that this assembly process be
completed several times on hobbyist level 3-D printed parts before using the more
expensive materials. The assembly process will be the same, but the hobbyist level
machines will likely not be able to produce completely watertight parts. From the
author’s experience, water can actually pass through the layers of a 3D printed part.

5.7

Ground testing

Bench testing will reveal most of the problems with an experiment. A common
problem with the ice cream cone tanks is that they could leak through the material
if printed with plastic, or they could leak at the valve and seam interfaces. It is
important to be cognizant of the differences between microgravity and ground testing
when performing checks. Never change something to make it work on Earth without
first considering if it is necessary to the function of the device in microgravity. It
is essential to ensure that the experiment works on Earth before sending it to the
ISS. In order to check this, a rudimentary approach is to make sure all the areas of
high capillary pressure are inverted. For example, if using an ice cream cone tank,
make sure the tip is pointed down. If filling an ice cream cone tank and a jet of
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liquid reaches the vent on the hemisphere against the force of gravity, it will certainly
be a problem in microgravity. Ground testing may reveal that the passive liquid-air
separation tank needs to be primed with some liquid in the exit tube. An air bubble
could be trapped between the liquid in the cone and the dry exit tube.

5.8

Boiling in microgravity

Boiling in microgravity is a very complex subject which is difficult to generalize. However, there are a few key rules of thumb to keep in mind if designing something which
will boil liquid in microgravity. Boiling in microgravity must generally be avoided
unless necessary. Since there is no buoyancy in microgravity, the bubbles formed
due to boiling tend to stay on the heater surface. Since the thermal conductivity of
air and liquid vapor is significantly lower than that of any liquid, the heat cannot
be removed from the heater surface, so the heating rate jumps instantaneously on
the heater surface, leading to a temperature spike on the heater, causing burnout.
Bubbles can can be ejected from the heater surface in microgravity, but this is due
mostly to inertial effects from the bubble growing. It is clear that the liquid vapor,
having low density and velocity, does not have much momentum. The force which
keeps the vapor bubble entrapped on the heater surface is surface tension of the liquid
surrounding the vapor bubble acting along the contact angle of the liquid on the solid
surface. Bubbles tend to remain circular throughout their growth. This means their
size or diameter can be limited by decreasing the smaller dimension of the heater
surface. That is, bubbles will remain smaller on heaters with larger aspect ratios and
a shorter minor length. Smaller bubbles indicate that more liquid is in contact with
a flat rectangular heater.

Copyright c Chris Meek, 2019.
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Chapter 6:

Conclusion

As a result of this work, interdisciplinary researchers will be able to use a lower risk
liquid container or passive liquid-gas separation device in a microgravity environment.
Due to the modular and scalable nature of these devices, they lend themselves to be
used in a variety of experiments and situations in reduced gravity. If these designs
are used on ISS experiments, they will be heritage technology for missions such as
lunar Gateway and transit to Mars. Because of this, it is important to track the successes and failures of this design methodology in order to continuously and iteratively
improve the designs and reduce risk. The design process presented in this thesis is a
living document, meant to be improved with lessons learned after each flight experiment. The author was not able to find a general, modular, and scalable design for the
containment and manipulation of liquids in microgravity, so this design process could
be improved over several decades to provide mechanical designs with low enough risk
to be used in a variety of applications as important as life support systems. This is
why it is important to provide and receive updates for this work from the author.

6.1

Summary

When performing experiments on the ISS, it is best to use heritage technology for
most experiments. While flexible bags are normally preferred for dispensing liquids on
the ISS, a rigid container has been proposed. While the axisymmetric ice cream cone
tank has not been specifically flown on the ISS by the author, the design was produced
using the same methodology as two other experiments which have flown on the ISS.
The ice cream cone geometry was first proposed by experienced researchers who have
paved the way in the field of microgravity liquid containment. A design, simulation,
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and manufacturing guide has been presented within this thesis. If any details were left
out or if questions were left unanswered, the author’s preferred contact information
can be found using the Orcid iD: 0000-0002-2617-2957 .
The reader should now have a basic, yet fundamental understanding of surface
tension and how it is applied to life on Earth and in space. Following the examples
outlined in this thesis, the user will be able to design, build, and test her experiment
to qualify it for space flight. This work will allow more rapid simulation, design,
and testing of systems utilizing liquid containment and manipulation in microgravity.
As humans venture further from Earth, more complex and reliable machines will be
required. Many of these machines will be life support systems, and will require storage
and transport of liquids. The designs and analysis techniques presented in this thesis
can be used as a starting point for a variety of applications [6, 7]. The proposed
research could benefit engineers designing microgravity liquid management systems
as varied as water recycling machines, waste removal machines, and coffee machines.
The designs proposed today could become heritage technology as we venture to Mars.

6.2

Original contribution

As far as the author knows, the current state of the art does not include a general
design for a rigid container suitable for use in microgravity, which is available to the
public. The design presented in this thesis will be capable of functioning in a wide
range of experiments, allowing for researchers in several fields to be able to decrease
the risk of designing specialized microgravity liquid containment or passive liquid-air
separation devices. This closed loop design process will reduce risk every time it is
used in an experiment on the ISS.
1. Developed design process for containment and manipulation of liquids
in microgravity
The design process presented can be applied to a variety of experiments, not just
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ones which require an ice cream cone geometry. The same design process and
tools presented in this thesis were used for two other experiments on the ISS.
The lessons learned from these experiments have benefitted the design process.
Using the process and understanding of physics presented here, any number of
solid-liquid interactions can be employed to design vessels tailored to specific
experiments.
2. Built upon existing tools created by Ken Brakke and Mark Weislogel
to allow for more refined simulation.
While the parametric sweep function has already been implemented in SE-FIT,
the python script provided works with Surface Evolver to provide the user more
control over the evolution process. The geometry and physical properties of the
model can be changed in the facet edge file, and the list of commands in the
runner text file will be run sequentially.
3. Outlined steps to create realistic simulations, and how to choose geometry based on these simulations.
The order of simulations to run in order to select the correct ice cream cone
geometry is not evident. Therefore, an order of operations and guide on how to
interpret the solutions was developed.
4. Developed manufacturing techniques to create cost effective, reliable,
and modular liquid containment and passive liquid-air separation devices.
Contrary to manufacturer specifications, no watertight 3D printed plastic filament could be found. The only 3D printed material which is watertight is SLA.
However, a waterproof coating can be applied to regular 3D printed plastic
parts. The CAD designs are available by request.
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6.3

Future work

For future missions, it will be important to determine which assumptions are valid in
analysis, and what physical parameters, such as surface roughness and manufacturing
defects impact the overall performance of various designs. As far as simulation goes,
an easy to use and reliable .stl file import tool does not exist, or is unavailable to the
public, for Surface Evolver or SE-FIT. This practically limits simulation of tanks to
the spherical tank plug in from SE-FIT. The spherical tank plug in is limited by a
modular sphere or cone end capped tank with an optional circular cylindrical middle
interface. Further, the contact angle which can be used in the spherical tank plug in
is limited from 0◦ − 45◦ . Contact angles greater than 45◦ seem to be unstable and
cannot evolve into a continuous capillary surface.
It was noticed late in the writing of this thesis that the storage tank version could
also be used as an aerosol container and dispenser. While not simulated or tested, it
is likely that this could be used without modification to the design. The tank must
simply be pre-filled on Earth, and fitted with a nozzle at the tip of the cone outlet
using the existing threads. Having an aerosol tank which functions in microgravity
could simplify the application of coatings for repairs, lubrication, or experiments.
This should be investigated further, since it is a potential enabling technology.
There is risk that the passive liquid-gas separation device may not operate reliably
for high surface tension liquids. There is a possibility that the incoming jet of liquid
could bounce off the liquid at the tip of the cone, rather than merging with it. Some
analysis should be performed to find the minimum droplet velocity required to break
through the equilibrium capillary surface of liquid already at the tip of the cone.
Otherwise, a long syringe may be used to directly introduce new liquid to the cone
liquid, with the risk of allowing a gas bubble to be forced to the outlet.
Design tips and experiences should be shared in order to benefit the microgravity
research community. If this work is used on the ISS, it would be very useful to know
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how the experiment worked, and how the tanks performed. It would be even more
valuable if failures are shared with the author. If this tank design is flawed, it should
be corrected immediately so other researchers do not encounter the same issues. The
author will be happy to help diagnose and correct problems. The author is also
hopeful to receive any suggestions to improve this work, and will share updated and
corrected files upon request. If this work is continued by another researcher, more
rigorous simulation and design might be useful. A more simplified and repeatable
manufacturing process would be welcome. Any specific hardware changes would be
useful to note, whether it be a more reliable or tougher sealant, specific pump or tubing
used on an actual ISS flight, or some type of conformal coating which is biologically
safe, nonhazardous, non-reacting, hydroyphilic, and watertight. Any improvements,
findings, or hardware upgrades shared with the author will be shared with others.
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Appendix 1: Simulating Liquids in Microgravity

Since the orientation of liquids in complex shaped containers is non-trivial, it is
necessary to perform simulations of each tank setup. Simulating the full volume of
a selected tank geometry will reveal problems with the tank early on in the design
process. While a general tank geometry is provided in Chapter 5, each researcher
can configure the tank to fit the needs of their experiment by following the guidance
provided in this appendix.
The analysis software required for the simulation in this appendix is a combination
of SE-FIT and Surface Evolver. Surface Evolver has demonstrated realistic approximations to experiments pertaining to surface tension shaped surfaces [23]. SE-FIT is
a graphical user interface (GUI) that allows a quick and simple way to set up a general geometric case for the ice cream cone geometry. SE-FIT also is useful for model
validation due to its support for incorporating cone angle, allowing visualization of
the capillary surface of liquids.
To create a realistic simulation of a customized experimental setup, follow these
steps as detailed in this appendix:
1. Use SE-FIT to build geometry of liquid and container.
2. Use Surface Evolver to simulate a range of contact angles, and choose appropriate tank half angle, β. The range of contact angles should be the experimentally
determined contact angle, θ ± 20◦ .
3. Simulate range of fill volumes in Surface Evolver using chosen geometry.
4. Implement experimentally determined contact angle θ in SE-FIT using chosen
geometry, and a fill volume of 10%.
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The stability of the liquid is reliant on the geometry of the tank, particularly the
cone angle. The researcher should first simulate a range of cone angles and select
a cone angle suitable for the experiment. As a rule of thumb, θ + β ≤ 120◦ , as
seen in section 4.3.1. The cone angle is determined experimentally by following the
brief outline on pg. 70. Based on this information, the cone half angle, β, can be
chosen. This geometry can be created in SE-FIT, then exported as a file to be used
in Surface Evolver with the provided script. Using this, the range of fill volumes can
be simulated. If no problems are noticed, the geometry and contact angle should be
simulated in SE-FIT using a low fill fraction.
In general, the ice cream cone tank geometry should perform similarly from 5500 ml. This is purely based upon observation and cannot be proven. In a perfect
vibration and acceleration free environment, the simulations should scale to any size.
However, on the ISS, even small variations of the physical environment could cause
issues. When the liquid volume is large, vibration or small accelerations of the liquid’s
mass could behave in a way not captured by simulations. This is due to the inertial
forces dominating the surface tension of the interface.

Running SE-FIT
A simple test case is shown in Fig. 1 with a 20% fill volume, where the equilibrium
position of water in a cube is solved using SE-FIT. Based on understanding of interior
corner flow, the complete removal of gravity should allow liquid to reach equilibrium
along the corners and edges. Qualitatively, this is exactly what is expected. The
volume ratio is preserved between iterations using Surface Evolver.
In order to create the ice cream cone geometry used throughout this thesis, go
through the steps in Fig. 2 through Fig. 6 in SE-FIT. SE-FIT is only available on
Windows machines.
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Figure 1: Water reaching equilibrium inside cube in microgravity.

Figure 2: Home screen for SE-FIT. Click on “Pre-Defined Geometry”.
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Figure 3: In order to implement contact angle, use the middle geometry under Plug-ins,
the spherical tank.

Figure 4: To create the ice cream cone geometry, input these parameters, then click preview.
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Figure 5: Use the closed interface option, insert coordinates of bubble starting point, optionally include more advanced parameters with the Potential Energy setup. Ensure gravity
is set to 0 in Potential Energy setup. Click Preview, then initialize. The blue cube is the
gas, and will evolve to the correct shape and volume upon initialization.

Figure 6: Evolved ice cream cone filled 10%. This file can be exported as a .dmp file to be
used iteratively.
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SE-FIT has a capability similar to the gen.py script on page 77 which is called
Parametric Sweep. There are instructional videos on how to use this function on
YouTube and on the SE-FIT website. However, for this work, a more tailored program
was useful for rapid parametric design.

Running Surface Evolver manually
Often, it is more effective to run Surface Evolver manually if specific simulation
runs are desired. There are many commands which have been designed and are
available from the Ken Brakke website [22]. It is generally best to create the desired
geometry in SE-FIT first, and set the fill fraction to 0.9. This high fill fraction
ensures that the bubble is initialized far away from the walls and can be adjusted to
a prescribed fill fraction at a later stage of the simulation once the initialization has
converged to a stable configuration. The fill fraction can be adjusted afterward using
the fill fraction inc run command as in page 65. The author has found the most
useful prebuilt geometry to be the spherical tank. The spherical container setup can
make all the geometries the cylindrical container can, but also allows the user to
define an oblate cross section and to implement contact angle. For the provided ice
cream tank setup it was found that the solution is unstable for any contact angle
other than 0◦ . When using SE-FIT, the contact angle should only be prescribed from
0◦ − 45◦ , meaning only very hydrophilic interactions. The prescription of θ = 0◦ − 45◦
in SE-FIT is also limited due to the inability to find a stable solution outside this
range. Once the geometry is created and initialized at a fill fraction of 0.9, the view
orientation the user desires as the default should be reflected on the screen. The
container can be rotated with a left click while dragging. Then, save the file with
extension .dmp. If required, transfer the .dmp file to a mac computer.
1. Copy and paste the .dmp file to desired location, but inside a folder. Change
the copied file extension to .fe. Copying and pasting ensures that the base file
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remains if the modifications made create an error.
2. Use the terminal to navigate to the file just changed. Do this by typing “cd
(the folder to enter)” until the destination is reached. To go up a level in the
folder tree, type “cd ..”. Another useful shortcut is using the tab key to finish
the file or folder name.
3. To start Surface Evolver, type “evolver filename.fe”
4. To view the graphics output, type “s” then “q” to quit back to the evolver
command prompt. Evolve the surface by typing “g (how many iterations to run
ex: 10)”
5. Type “r” to refine the simulation. Refine and iterate until a smooth surface
created.

Commonly used Surface Evolver commands
Surface Evolver has several useful commands to help with the evolution of capillary
surfaces, as well as post processing or viewing the results.
Show geometry
After executing “evolver filename.fe” the terminal still only shows that the .fe facet
edge file has been loaded properly. To view the geometry and liquid-gas surface, type
s. Here, commands which can rotate or zoom in on the geometry can be used. Type
“q” to get back to the menu for refining and iterating the geometry. To show the
geometry, then immediately quit back to the command line interface, type showq;
Refine and go (solve)
As mentioned previously, the refine and go commands are r and g ##. Normally
only 100 iterations are required to evolve the surface to an acceptable state before
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refining again. The surface after 100 or 1,000 evolutions will look similar.

Trimming faces and edges
Occasionally, refining the surface creates too many facets.
If the surface is too refined, use the command, delete edges where length <= 0.01;or
t .01;
If the surface has faces of zero area, type the command, delete facets where area
<= 0.01;

Turn gravity off
In order to turn gravity off in the simulation, type G 0;. To change the gravity
to another value, type the value desired instead of 0. The units are centimeters
by default. For simulations on the ISS, 0 is a reasonable assumption. In addition
to manipulating the gravitational acceleration constant in the simulation, the Bond
number can also be changed when using the Spherical Tank setup made in SE-FIT.
This is performed similarly to the method described on page 65 by changing the value
for bond new and running bond inc run

Solving eigenvalues
A rudimentary stability check can be performed using the command eigenprobe (0,10)
>> “stability”; which is discussed in greater detail on page 71.

Creating .stl files
A solid .stl file can be created using the command read “stl.cmd”; then stl >> “filename.stl”;
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Creating postscript images
A .ps image file can be created using the command POSTSCRIPT “filename”;. This
file can later be converted to a .jpg or .tif using preview for Mac users, or an equivalent
photo editing program for other operating systems.

Fill fraction incremental run
In order to fill, drain, or reach a desired fill fraction, the command, fill fraction inc run
can be used. This command can only be used when using a .fe file created by the
spherical or cylindrical tank plug-in from SE-FIT. An example of how to use this tool
is in Google Drive → MiLD Toolbox → Example Codes → Drain. In this example,
the python script will go through several fill fractions, creating a sequence of solutions which will look like a draining tank when viewed as a movie. In order to do this
example independently follow the steps below:
1. Create a tank in SE-FIT, set the fill fraction to 0.95, and evolve the code.
2. Export the solution as a .dmp file, then change the file extension to .fe. Save
the file as gen.fe.
3. Edit the line of the exported .fe file to reflect the fill fraction desired, or a
variable for the Python script to change. This is discussed on page 72. In the
provided code, line 321 was changed from PARAMETER fill fraction new =
0.95 to PARAMETER fill fraction new = drain . The word, “change” cannot
be used here because it is in other places in the .fe file.
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Figure 7: Ice cream cone tank draining.

In Fig. 7 the visible bubble is air. This simulation was performed to look at the
capillary surface from empty to full with a contact angle of θ = 0◦ . The pictures
depicted show the tank 90% full, 50% full, and 10% full, left to right. Using the
supplied python script, instruction .txt file, and .fe file, it is very easy to simulate the
capillary surface for the entire fill range. The Python script is discussed on page 72.
Contact the author for a video of this.

Changing cone angle
Using a similar method shown on page 65, the ice cream cone geometry created by the
.dmp file in SE-FIT was modified to change radius, effectively changing the cone half
angle α. The Python script iteratively changes all instances of 1.001 to the radius
defined in the range defined in the Python script. In this case, the radii were set to
the range defined by parameter = [x * 0.01 for x in range(211, 50, -1)] in gen.py and
run by the sequence
1

// showq ;

2

r;

3

r;
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4

// g 1 0 0 ;

5

r;

6

t .01;

7

// g 1 0 0 ;

8
9

d e l e t e f a c e t s where a r e a <= 0 . 0 1 ;

10

d e l e t e e d g e s where l e n g t h <=.01;

11

g 10;

12

r;

13

g 10;

14

{ e i g e n p r o b e ( 0 , 1 0 ) } >> ” l o g f i l e ” ;

15
16

r e a d ” s t l . cmd” ;

17

WHEREAMI;

18

s t l >> ” s o l i d i t e r . s t l ” ;

19

POSTSCRIPT

20

q;

21

q

”pic iter”;

Lines 97-115 were changed to:
1

PARAMETER o u t e r c y l h a l f x =

1.001

2

PARAMETER o u t e r c y l h a l f y =

1.001

3

PARAMETER l e n c y l =

4

PARAMETER u p p e r c a p h a l f z =

1.001

5

PARAMETER l o w e r c a p h a l f z =

2

6

PARAMETER r j a =

1.001

7

PARAMETER r j b =

1.001

8

PARAMETER ucc =

1.001

9

PARAMETER l c c =

2

0

10

PARAMETER u c z c =

0

11

PARAMETER l c z c = −0

12

PARAMETER m i d s e c t s h a p e i d x =

13

PARAMETER r a d j u n c a =

1

1.001
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14

PARAMETER r a d j u n c b =

1.001

15

PARAMETER e l l i p s e u p c a p i d x =

16

PARAMETER c o n e u p c a p i d x =

17

PARAMETER e l l i p s e l o w c a p i d x =

18

PARAMETER c o n e l o w c a p i d x =

19

PARAMETER c o n t a c t a n g l e t a n k w a l l i n i = 70

1

0
0

1

And lines 573-580 were changed to:
1
2
3

vertices
1

/∗

coordinates
0

off number 0 vconadj 0
4

2

3

4

7

5

8

6

v on boundary 0

v on boundary 0

v on cl 0
0 fixed
v on cl 0

−1.001
v on boundary 0

0 fixed
v on cl 0

0
v on boundary 0

0
off number 0 vconadj 0

0 fixed

0

−1.001
off number 0 vconadj 0

v on cl 0

1.001

0
off number 0 vconadj 0

1.001 fixed

v on boundary 0

1.001
off number 0 vconadj 0

6

0

0
off number 0 vconadj 0

5

∗/

0 fixed
v on cl 0
−2 f i x e d

0
v on boundary 0
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v on cl 0

Figure 8: Illustration of contact angle θ and cone half angle β.

The cone half angle beta is given by β = tan−1 (φ) where φ = r/l. The radius of
the hemisphere is r and the length of the cone is l. In Fig. 8, φ = 1/2.
The cone half angle, β, can also be altered by changing the length of the cone.
The cone half angle β is shown in Fig. 8. This can be performed by changing the -2
on line 580, as well as the cone length parameters in the .fe base file. After changing
this, the same process as used to change the radius can be used. However, the result
will look the same as changing the radius. The results are shown in Fig. 9. The cone
half angle, β, can be solved using the iteration count i by first finding the radius,

r = 0.01(211 − i)
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(1)

Figure 9: Ice cream cone with cone ratios of φ =0.8 (β = 39◦ ), φ =0.5 (β = 27◦ ), and
φ =0.25 (β = 14◦ ). The visible spherical bubble is gas.

and l is held constant, so the cone ratio is given by
φ=

r
(211 − i)0.01
=
l
l

(2)

so the cone half angle β follows with
β = tan−1 (φ).

(3)

Contact angle simulation
In order to perform a reasonable simulation, the input parameters must be realistic.
The most important parameter in steady state microgravity simulations is the contact
angle of the liquid on the surface of the tank. In order to determine the contact angle,
select the liquid and tank surface which will be used in the experiment. Create a flat
tank surface and clean it in the same manner it will be cleaned before flight. Be sure
to mimic the same surface which will be experienced during flight. Gently drop a bead
of water on the surface, and take a picture of the drop. Download a digital image
analysis software such as the DropSnake [38] or LB-ADSA [39] plugins for ImageJ [40],
an image processing software developed by the NIH. Use the drop analysis software
to determine the contact angle of the liquid on the container. The lower the contact
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angle, the more stable the liquid will be in the tank. If the interaction is determined to
be hydrophobic, a smaller cone angle should be chosen. Prescribe this contact angle
in the Surface Evolver code which simulates the tank desired for use, with a range
of ±20◦ . Surface Evolver or SE-FIT can be used to prescribe various tank angles
to find the maximum angle which will be stable throughout the range of contact
angles. The contact angle can be prescribed using the Spherical Tank plugin, but is
only functional from 0 − 45◦ . This is a major limitation of the Surface Evolver and
SE-FIT spherical tank tools, and the author could not fix this issue. A contact angle
of 0◦ is implemented by default. Simulation of 20◦ and 45◦ contact angles is shown
in Fig. 4.4. A description of how to use SE-FIT and how to create an ice cream cone
geometry is detailed on page 57 and 58.

Checking stability and equilibrium position of simulations
If some basic measure of stability is desired, this can be checked in Surface Evolver.
The user can either type eigenprobe 0 in the command prompt or eigenprobe (0,10)
>> “stability”; in the runner.txt file. The eigenprobe command, written by Ken
Brakke, solves the eigenvalues of the energy Hessian, the square matrix of the second
derivatives of the energy matrix. The first input parameter, 0 here, denotes the value
for all the eigenvalues to be compared with. The second input, here 10, denotes
the limit of iterations performed to solve the eigenvalues. In this example, we are
finding how many eigenvalues are less than, equal to, and greater than 0. Negative
eigenvalues denote instability, while positive eigenvalues indicate a stable physical
system. If negative values are calculated, redesigning the container is necessary. The
last part of the command, >> “stability”; commands Surface Evolver to write and
append the results of the eigenprobe to a file named stability. The stability text file
should be either deleted or cleared and saved over if old results are unwanted. This
file can be deleted and recreated automatically by typing os.remove(“stability.txt”)
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above if os.path.isdir(‘./Solids’): in the python script.

Using provided python script to to control Surface Evolver
The Python script provided in Appendix 2, page 77, called gen.py, will go into the
base file specified. Make a copy of it, change the parameter specified, and run Surface
Evolver following the runner.txt commands. These commands can be changed if
desired.
1. Place gen.py, runner.txt, gen.fe, solid iter.stl, saveview.cmd, and stl.cmd in a
folder. Use terminal or a Windows version of terminal to navigate to that folder.
2. Find and change the variable desired in gen.fe. For example, write “change” for
any of the following parameters. Save it. The contact angle can also be changed
simultaneously in multiple cases. However, gen.py can only change parameters
to one value per run.
parameter rad upper = .5 // upper sphere radius
parameter angle upper = change // upper sphere contact angle
parameter rad lower = 1.00 // bottom sphere radius
parameter angle lower = 45 // bottom sphere contact angle
3. If “change” is written elsewhere in the .fe file, create a different unique name in
the .fe file, and modify gen.py to look for the new unique variable.
s = s.replace(“change”,str(par)) This script will replace change with numbers
specified above. It will run a new case for each number in the range.
4. If the .fe file intended to run iteratively is not named gen.fe, change gen.py to
the desired name.
5. Set the range for the desired iteration range and step size in gen.py. Some
examples are below as follows:
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parameter = [x * 0.01+.03 for x in range(96, 0, -1)] Example of iterative
draining instead of filling
parameter = [x * .1 for x in range(5, 15, 1)] Changing distance between spheres
from 0.5 to 1.5 in increments of 0.1
If the contact angle should be changed, the range can only go from 0◦ − 180◦ so
cover the entire range with
parameter = [x * 1-1 for x in range(1, 182, 1)] Note that this evolution runs
180 times, so it may take several minutes to complete.
6. Run gen.py but do not close or cancel the program until completion. To run
it, navigate to the folder everything is contained in, and type python gen.py. If
the program is interrupted, runner.txt will not be reset to the correct values. If
this does happen, go into runner.txt, and change the .stl and picture generation
commands back to stl >> “solid iter.stl”; and POSTSCRIPT “pic iter”;
7. If all the simulations completed correctly, all the files created should have been
generated and sorted into their respective folders. There will now be a folder
of .fe files which can be viewed to make sure the setup was correct, .stl files
of the fully evolved surface to make a video or view in 3D, and a folder of all
the pictures of the final evolution which can be used for presentations or papers
after conversion or export into another format.
Warning: Always keep the python script within a subfolder of “/home”. Do not
run the Python script from somewhere like the “C:drive” or “/home/Desktop/”. If
improperly altered it could delete the working directory.
If the evolution completed but the capillary surface is unfavorable, the runner.txt
file should be modified and the Python script should be run again. If the user is
unsure of how to make the correct alterations, one file can be evolved manually, so
the user does not have to wait for the evolution of the entire range of geometries.
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Refer to Appendix 1, page 62 for further details on how to modify the runner.txt
script or evolve the geometry manually.

Making a movie
In order to make a movie from the images generated by Surface Evolver and the
Python script, the STL command and files must be used. The .stl files are combined
into a video using VisIt [41], created by Lawrence Livermore National Laboratory.
1. Use provided Python script to simulate multiple cases and export .stl files of
the final version of each geometry.
2. Click the “Open” icon and navigate to the folder containing the .stl files. Indicate the file extension is .stl. Fig. 10a
3. Click “Add” → Subset → STL mesh Fig. 10b
4. Click “Draw” 11
5. Click the drop down arrow on the newly created STL mesh window, then double
click on Subset. Choose the color and transparency here. Fig. 12a
6. Adjust the image to the preferred view perspective by clicking, or adjusting the
view matrix.
7. Click “File” → Save movie → AVI, current video size. Fig. 12b
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(a) File navigation

(b) STL View

Figure 10: VisIt user Interface.

Figure 11: Add subset and draw buttons.
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(a) Color and transparency options.

(b) Movie export menus.

Figure 12: Changing colors and exporting movie.

Copyright c Chris Meek, 2019.
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Appendix 2: Iteratively Solving Python Script

1

import o s

2

import s h u t i l

3

import s y s

4

import math

5

import numpy a s np

6

import s u b p r o c e s s

7
8
9
10

#parameter = [ x ∗ 0 . 0 1 + . 0 3 f o r x i n r a n g e ( 9 6 , 0 , −1) ] # a n o t h e r example
of iteration , in reverse order

11

parameter = [ x ∗ . 1 f o r x i n r a n g e ( 1 , 1 0 , 1 ) ] #These a r e t h e numbers you
want t o e n t e r i n t h e code . EX: ( 5 , 1 5 , 1 )= 5 t o 15 i n i n c r e m e n t s o f
1 = 5 , 6 , 7 , . . . 1 4 , 15

12
13

###################

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

############
14

###################

BE VERY VERY CAREFUL WITH THIS SECTION

#############
15

###################

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

############
16

i f o s . path . i s d i r ( ’ . / S o l i d s ’ ) :

17

s h u t i l . rmtree ( ’ . / S o l i d s ’ )

18
19

i f o s . path . i s d i r ( ’ . / P i c t u r e s ’ ) :
s h u t i l . r m t r e e ( ’ . / P i c t u r e s ’ ) # YOUR COMPUTER’ S

20

i f o s . path . i s d i r ( ’ . /FE ’ ) :

21

s h u t i l . r m t r e e ( ’ . /FE ’ )

22

# IF YOU CHANGE THIS YOU RISK DELETING

#HARD DRIVE

else :
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23
24

p r i n t ( ’No e x i s t i n g d i r e c t o r i e s ’ )
###################

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

############
25

###########################

OK FROM HERE ON

#########################
26

###################

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

############
27
28

curwd = o s . getcwd ( )

29

p r i n t curwd

30

p r i n t parameter

31

c o u n t e r=1

32

f o r par i n parameter :

33

p r i n t ’ par = ’ , par

34

i n p u t = open ( ’ gen . f e ’ ) #change t h i s name t o your b a s e . f e f i l e name .
EX: cube . f e o r i c e c r e a m . f e

35

f i l e n a m e = ’ s o l v e d F E ’+s t r ( c o u n t e r )+” . f e ”

36

output = open ( f i l e n a m e , ’w ’ )

37
38
39

f o r s in input :
s = s . r e p l a c e ( ” change ” , s t r ( par ) )##This s c r i p t w i l l r e p l a c e
change with numbers s p e c i f i e d above . I t w i l l run a new c a s e f o r each
number i n r a n g e .

40

output . w r i t e ( s )

41

input . c l o s e ()

42

output . c l o s e ( )

43
44

f i l e d a t a = None

45

with open ( ’ r u n n e r . t x t ’ , ’ r ’ ) a s f i l e :

46

f i l e d a t a = f i l e . read ( )

47
48
49

# R ep l ac e t h e t a r g e t s t r i n g
i f c o u n t e r ==1:

78

50

before replace stl = ” solid iter ”

51

a f t e r r e p l a c e s t l = ” s o l i d ” + s t r ( counter )

52
53

before replace dump = ” s e t u p i t e r ”

54

after replace dump = ” setup ” + s t r ( counter )

55
56

before replace ps = ” pic iter ”

57

a f t e r r e p l a c e p s = ” p i c ” + s t r ( counter )

58
59

filedata = filedata . replace ( before replace stl ,

60

after replace stl )
f i l e d a t a = f i l e d a t a . replace ( before replace dump ,

61

after replace dump )
filedata = filedata . replace ( before replace ps , after replace ps )

62

else :

63
64

b e f o r e r e p l a c e s t l = ” s o l i d ” + s t r ( c o u n t e r −1)

65

a f t e r r e p l a c e s t l = ” s o l i d ” + s t r ( counter )

66
67

b e f o r e r e p l a c e d u m p = ” s e t u p ” + s t r ( c o u n t e r −1)

68

after replace dump = ” setup ” + s t r ( counter )

69
70

b e f o r e r e p l a c e p s = ” p i c ” + s t r ( c o u n t e r −1)

71

a f t e r r e p l a c e p s = ” p i c ” + s t r ( counter )

72

filedata = filedata . replace ( before replace stl , a f t e r r e p l a c e s t l

73

)
74

f i l e d a t a = f i l e d a t a . replace ( before replace dump ,
after replace dump )

75

filedata = filedata . replace ( before replace ps , after replace ps )

76
77

# Write t h e f i l e out a g a i n

78

with open ( ’ r u n n e r . t x t ’ , ’w ’ ) a s f i l e :

79

79

f i l e . write ( f i l e d a t a )

80
81

s u b p r o c e s s . c a l l ( [ ’ e v o l v e r ’ , ’−f r u n n e r . t x t ’ , f i l e n a m e ] )

82
83

c o u n t e r=c o u n t e r+1

84
85

f i l e d a t a = None

86

with open ( ’ r u n n e r . t x t ’ , ’ r ’ ) a s f i l e : #Do not change r u n n e r u n l e s s you
change t h e f i l e n a m e o f r u n n e r . t x t

87

f i l e d a t a = f i l e . read ( )

88

b e f o r e r e p l a c e s t l = ” s o l i d ” + s t r ( c o u n t e r −1)#

89

after replace stl = ” solid iter ”

90
91

b e f o r e r e p l a c e d u m p = ” s e t u p ” + s t r ( c o u n t e r −1)

92

after replace dump = ” setup iter ”

93
94

b e f o r e r e p l a c e p s = ” p i c ” + s t r ( c o u n t e r −1)

95

after replace ps = ” pic iter ”

96
97

filedata = filedata . replace ( before replace stl , a f t e r r e p l a c e s t l )

98

f i l e d a t a = f i l e d a t a . replace ( before replace dump , after replace dump )

99

filedata = filedata . replace ( before replace ps , after replace ps )

100
101
102
103

with open ( ’ r u n n e r . t x t ’ , ’w ’ ) a s f i l e :
f i l e . write ( f i l e d a t a )
###### This i s t h e moving f i l e s p a r t #############

104

F i l e D i r = o s . l i s t d i r ( curwd )

105

o s . mkdir ( ” . / S o l i d s / ” )

106

o s . mkdir ( ” . / P i c t u r e s / ” )

107

o s . mkdir ( ” . /FE/ ” )

108

S o l i d s = ” . / S o l i d s /”

109

P i c t u r e s = ” . / P i c t u r e s /”

110

Fe = ” . /FE/ ”

80

111
112

for f i l e s in FileDir :

113

#MAKE SURE THAT THESE NAMES ARE CORRECT FOR YOUR CASE

114

#NEED TO CHANGE gen TO WHATEVER THE FE FILE IS NAMED THAT

115

#YOU DO NOT WANT TO MOVE

116

if

f i l e s . s t a r t s w i t h ( ’ gen ’ ) o r f i l e s . s t a r t s w i t h ( ’ s o l i d i t e r ’ ) :
p r i n t ( ’ This s c r i p t assumes t h e f e f i l e i s c a l l e d ” gen ” . Need t o

117

change i f name i s changed . ’ )
118

else :
if

119

f i l e s . endswith ( ” . s t l ” ) :
s h u t i l . move ( f i l e s , S o l i d s )

120

elif

121

f i l e s . e n d s w i t h ( ” . ps ” ) :
s h u t i l . move ( f i l e s , P i c t u r e s )

122

elif

123

f i l e s . endswith ( ” . f e ” ) :
s h u t i l . move ( f i l e s , Fe )

124
125
126

p r i n t parameter

Listing 1: Python script for iteratively changing parameters and running Surface
Evolver

Copyright c Chris Meek, 2019.
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Appendix 3: CAD Drawings

Below are the parts required to be made using 3D printing or machining techniques. The single piece, pre-filled tank design which can be pressurized is available
on page 83. The parts required to make the passive liquid-gas separation device are
on pages 84-86. The assembly drawing for the passive liquid-gas separation device is
on page 87. Clearly, these drawings are not suitable to be presented to a machinist.
Detailed drawings for a specific geometry are available by request from the author, if
time permits. Files which can be used for modeling and 3D printing are also available
by request. A assembly instructional video is also available by request.
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Appendix 4: Fabrication

A hydrophilic cone section can be produced by using non-corrosive 3D printed
materials, such as SLA resin or Aluminum. The SLA parts must be designed with
an oversized hole to set in a Luer fitting. A CNC machined Carpenter 20, aluminum,
stainless steel, or titanium cone section is adequate. A tolerance of ±0.007 inches
should be used at the interface between parts. A 3D printed plastic hemisphere
section could be used if a hydrophobic coating such as NyeBar Type P is used to
waterproof the part. Care must be taken to ensure the seals and connections are
watertight. A cone half angle of 26.6◦ as seen in Fig. 13 should be sufficient for most
aqueous liquids, but testing and simulation should still be performed.The author has
not been able to print watertight plastic components, even using very high end FDM
printers and filament.
The internal volume of the ice cream cone tanks is given by:
πr2
(2r + h)
V =
3

(4)

where r is the radius of the axisymmetric hemisphere, and h is the height of the cone.
Ice cream storage tank assembly
It is recommended that the storage tank be printed as one piece using a SLA 3D
printer. The 3D printable file is available by request. The storage tank can be
printed by the researcher or ordered by a third party 3D printing company, but it
is best if the researcher prints and assembles it him/herself. Self assembly will save
time because it often takes several prints to get the tolerances and fits to work out.
Furthermore, the researcher should coat and insert the brass inserts before curing if
this is the method she chooses. The steps for assembly are as follows:
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Figure 13: Basic drawing dimensions for β = 26.57◦ cone half angle.

1. Print the part provided by the author on a SLA 3D printer. Fig. 14
2. Coat the outside of the threaded brass insert with the same resin used for the
print. Fig. 14
3. Press brass inserts into print, ensuring no air gaps or bubbles. Fig. 15
4. Cure according to SLA suggested specifications. Fig. 15
5. Wrap Luer connection threads with Teflon tape. Fig. 16
6. Screw Luer connections into part and pressure test. Fig. 17
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Figure 14: Print the part provided by the author on a SLA 3D printer. Coat the outside of
the threaded brass insert with the same resin used for the print.

Figure 15: Press brass inserts into print, ensuring no air gaps or bubbles. Cure according
to manufacturer’s SLA suggested specifications.

Figure 16: Wrap Luer connection threads with Teflon tape.

90

Figure 17: Screw Luer connections and one way valve into part and pressure test.

Ice cream passive liquid-gas separation tank assembly

Figure 18: Parts collection, rtv filling, and tapping storage hemisphere.

As seen in Figure 18, all the parts for both the storage tank and passive liquid-gas
separation tank are created. All these parts are listed in Table 5.1. To prepare the
silicone RTV for application, extrude some RTV into the 5ml syringe. Care should be
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taken to form one lump of the RTV, so air bubbles are not present. When filling the
syringe, the RTV should come up to the top, so there is not an air bubble between
the rubber stopper and nozzle. An 18 Gauge dispensing needle can be placed on the
syringe to enable more precise dispensing later on. The hemisphere and cone should
be tapped using the 1/4-28 UNF tap and a T-handle. Do not use a power drill on
this part, since it needs to be tight and precise to prevent leaking. A bottoming tap,
rather than pointed, is preferred so threads can be created as far as possible down
the conical outlet.

Figure 19: Assembly of cone Luer connection.

If the male Luer connection is of the screw-on variety, as pictured in Fig. 19, the
rim beyond the threads should be clipped off. If the Luer connection from Table 5.1
was ordered, there should not be any extra material to clip off. It is important to
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have as much thread engagement as possible, since this will prevent leaking through
these connections. Screwing the connection straight into the part is not enough to
prevent leaking; a compound must be used to seal the connection. Three options to
accomplish this are available. The first is to use common Teflon tape. Be sure to
wrap it clockwise to prevent it from unraveling when screwing it in. This is common
practice for installing piping or shower heads, so there are plenty of online tutorials
to help demonstrate this. The second is to use the RTV, which provides a waterproof
connection but cannot be manipulated after curing because of the low shear resistance.
In effect, it will easily break the seal if accidentally turned. The third method is to
use thread locker. This will be able to handle higher mechanical stresses, but is so
thin it is difficult to cover any manufacturing defects from tapping or a bad print. To
apply either of the liquid seal methods, screw the Luer connection in partially, only a
couple of threads, and generously cover all the remaining exposed threads of the Luer
connection. Make sure to completely fill in any air voids of the threads. After all the
threads are completely covered, screw in the Luer connection. The excess sealant will
gather around the rim, which is desirable ensuring threads are fully coated. Simply
wipe off the excess after finger tightening the connection. If assembling the storage
tank, perform the same process for the hemisphere as well.
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Figure 20: Check valve installation and hemisphere sealant application.

As seen in Fig. 20, gather the cone and hemisphere of the tank being built. A cone
holder will be helpful in these next steps. This is available by request. If assembling
the storage tank, be sure the female Luer socket is used as shown, and the check valve
is installed. The check valve also has a Luer connection, so it can simply be screwed
on. No sealant is required for the check valve connection. Be sure to screw in the
check valve as pictured.
A slip fit is used between the cone and hemisphere for both tank designs. The
reason for this is to ensure parts printed on any type of 3-D printer can be assembled.
Apply RTV to the inside hemisphere section, especially near the edge as pictured. It
is extremely important that a thick, continuous bead is applied to the slip fit section.
If any gaps are present in the RTV, they will appear as leaks during pressure testing.
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This is a permanent seal, so care should be taken to ensure the seal is perfect on the
first application. Slip the cone into the hemisphere taking care not to slide them at
an angle, and make sure it seats fully at the back interface. The outside curve of both
parts should meet cleanly. Let the assembled tank cure for a full 24 hours. The RTV
cures at room temperature and with humidity, so a humid environment will create a
better seal, whereas a dry environment may need more time before proceeding to the
next step.

Figure 21: Pressure testing setup for storage and interior hemisphere steel cloth application.

After the RTV is cured, a pressure test can be completed on the storage tank.
Fill another syringe with water, invert the tank, and fill the tank with water. When
the tank is filled, plug the cone and try to fill it with more water through the check
valve. If any leaks are discovered, the tank must be either discarded or reworked. The
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pressure testing setup can be seen in Fig. 21. The liquid-gas separation tank is more
difficult to pressure test since it has a vent built in. In fact, it should easily vent air
when fully assembled. If pressure testing the liquid-gas separation tank with water,
care should be taken to not get the desiccant wet on the flight model. When pressure
testing the liquid-gas separation tank, cover the entire top face while pressurizing the
internal container. The “top” of the assembly is where the syringe is inserted through
the outer screen.
Before adhering the steel cloth to the hemisphere, make sure the 18 Ga dispensing
needle fits into the slot designed for it. If necessary, use the smallest drill bit possible
to clear the hole so the dispensing needle fits into the cap. The trickiest step of
the assembly process is for the liquid-gas separation tank. In order to create an air
permeable liquid barrier, the steel cloth (or in some cases GoreTex) must be placed
on the interior of the hemisphere. This is accomplished by using the RTV as an
adhesive. An octagon large enough to cover the vent holes should be cut out from
the steel cloth. It can be trimmed to size. A continuous bead of RTV should be
placed around and between the vent holes, as shown. When the steel cloth is placed
on the interior hemisphere, care should be taken to apply it directly. If the steel
cloth is allowed to move around, the RTV could spread onto the vent portions of
the cloth, rendering them impermeable to air. The cone should not be adhered to
the liquid-gas separation hemisphere yet. Allow the RTV to cure for a full 24 hours
before proceeding to the next step. Coat the interior hemisphere and screen with a
hydrophilic coating if possible.
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Figure 22: Dispensing needle insertion through adhered steel cloth.

After curing is complete, the dispensing syringe can be popped through the steel
cloth in the liquid-gas separation hemisphere as shown in Fig. 22. This is accomplished by making a slight indentation on the steel cloth surface, being careful not to
delaminate the cloth from the hemisphere. The RTV is being used as an adhesive,
and should not be stressed. Visual inspection of all vent holes must reveal no RTV
blocking the vents. Select either the 18 Ga or 23 Ga dispensing needle. The 23 Ga
dispensing needle should be used for liquids with a water-like viscosity, and the 18
Ga dispensing needle should be used for thicker liquids, or colloidal liquids containing
small particulates. Place the selected dispensing needle on the back of the steel cloth.
Take the plunger out of a syringe, and the dispensing needle off. Place the syringe
head over the dispensing needle, and pop the dispensing needle through the steel
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cloth.

Figure 23: Installation of steel cloth backing.

Fully insert the dispensing needle into the cap. It should not twist or move at
all. If it does not fit snugly, use an exacto blade to clear it out. Cut a 2 in. by 2 in.
square of steel cloth. Snip a small + in the center of the cutout, barely large enough
to go over the dispensing needle. Then, push it over the tip of the dispensing needle
chute. Slight ripping is acceptable, but the hole should be as small as possible.
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Figure 24: Installing steel cloth backing on hemisphere.

After the steel cloth has been pushed over the dispensing needle chute, pinch the
steel cloth into four corners. Place the mesh stopper on top of the steel cloth, with the
rounded edge facing the tank, as seen in Fig. 24. Slowly press the mesh stopper down
toward the vent until it reaches the bottom. Trim the edges of the steel cloth to form
a circle. Prepare a packet of desiccant to place inside the dehumidifying chamber.

99

Figure 25: Desiccant placement and final steel cloth layer.

Empty the desiccant packet up to the rim of the dehumidifying chamber. Cut
another square of fabric, and cut a small + in the center. Place it over the dispensing needle as before. Fold the corners neatly and tightly over the outside of the
hemisphere. Secure the last layer of steel cloth with a zip tie, around the V-shaped
indentation. Attach the cone section exactly as with the storage tank. Place the RTV
on the inside of the hemisphere and assemble. For the liquid-gas separation tank, an
air test is slightly more complicated. First, plug the cone outlet, and use a syringe to
pump air through the dispensing needle. Air should pass through the dehumidifying
chamber without resistance. Next, fill the tank with water. Remove the dispensing
needle and cover the dehumidifying chamber. Use the syringe to pump air into the
chamber through the cone, while keeping the cone tip down. Inspect the outside of
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the tank for any signs of leaks.

Example test tube filling device
This design was used in an experiment for Anheuser-Busch to grow barley seeds on
the ISS. For this experiment, a specific test tube was used, and liquid was injected
into the closed system. If liquid was injected into the closed test tube but the air was
not allowed to escape, pressure would build up inside the chamber. This would affect
the ability of the liquid to be pumped in, as well as the risk of rupture. In order
to prevent this pressure buildup, the liquid should not build up on the air vent. To
accomplish this, a passive air-liquid design was implemented in the top of the cap.
A very fine stainless steel mesh was placed over the metal tube to separate the main
growing portion of the test tube from the air vent chamber. The steel mesh uses
the same physics described previously to form a liquid barrier while allowing air to
pass freely. Since pressure inside a bubble increases as radii decreases, the capillary
pressure required to push a liquid droplet through a small hole is high. This allows
gas bubbles to pass through mesh without allowing liquid to pass through. A 23Ga
syringe pumped liquid in, while a 18Ga syringe was used to vent air. The 23Ga syringe
was inserted through the screen into the main chamber of the test tube. The 18Ga
syringe was inserted through the rubber stopper into the air chamber. After pushing
a syringe through a rubber stopper, the needle should always be cleaned thoroughly in
order to clear blockages. The design operated nominally on the ISS. A lesson learned
from this experiment is that independent pumps should be used for each test article,
rather than using one pump and a manifold. This allows individual control of each
section, while minimizing risk of blockages ruining the whole experiment. One of the
most common issues with small space systems is blockages. When using small tubing
and pumps, it is imperative to remember that the smallest diameter in the line will
be the first to become blocked. If a blockage is likely, try to enlarge the point of
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the system with the smallest opening to increase reliability. Below are pictures from
fabrication of the stainless steel inserts and assembly of the test tube cap air liquid
separation devices for Budweiser.

Figure 26: Barley experiment, metal lathe used, machining inserts, and final product.
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Figure 27: Completed insert, cleaning off machining oils, quality control and dimension
checking, steel mesh cutout.

Figure 28: RTV applied to steel mesh, insert being wrapped in steel mesh, and coated.
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Figure 29: Insert placed for curing, can be pushed through after curing to unstick from tube
wall.

Figure 30: Full experimental setup for Budweiser barley growth experiment.
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Figure 31: Fixative being pumped into Budweiser barley experiment.
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